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1 Introduction 
1.1 Background 
Biotechnological processes are a key technology in the synthesis of high-grade chemicals and 
pharmaceuticals (Schmid et al. 2001). The fields of application are for instance the optimization 
of production processes, use of renewable resources or development of higher value-added 
products. Today, biotechnologically produced pharmaceuticals are involved in the treatment of 
many diseases as diabetes, heart diseases, flu, cancer or bacterial infections (McCoy 1999).  
Efficient production processes have an essential influence on the product cost and thus on its 
commercial success. The efficiency of production processes is determined during the 
development phase by the selection of biocatalysts, either enzymes or microorganisms, and the 
process conditions. Micro-scale bioprocessing techniques are rapidly emerging as an instrument 
to increase the speed of bioprocess design (Lye et al. 2003). Automation of these techniques can 
reduce labor intensity and enable a wider range of process parameters to be examined. Along 
with reduced material requirements and media consumption, the development in micro-scale 
has the potential to lower the costs of establishing new biocatalytical processes by 
parallelization and automation (Betts & Baganz 2006).  
More than 150 chemical modifications by biocatalysts have been developed for the use in 
industrial scale (Antranikian 2006). In most cases, these biotransformation processes do not only 
utilize single enzymes, but also enzyme systems or microorganisms, which express biocatalysts. 
The interest in biocatalysts arises from the fact that they possess several advantages over 
chemical catalysts. Among these advantages are their high selectivity and the ability to operate 
under mild conditions (Lye et al. 2003).  
The advances in genetic engineering result in higher expression rates or in a higher robustness of 
biocatalysts. But, the development of biocatalytical processes is often time-consuming. The 
reason is the necessity to first identify a suitable biocatalyst and then to find the process 
parameters for an efficient expression of the biocatalyst (Lye et al. 2003). Therefore, the 
development of a new biotransformation process requires a careful selection of strains of 
microorganisms as well as process parameters for a high yield and productivity. A systematic 
study of large numbers of strains and parameters involves a multitude of experiments to identify 
the most promising combination.  
The initial screening experiments for microorganisms or media compositions are mostly carried 
out in shaken vessels as microtiter plates (MTP) and shake flasks (Büchs 2001). Since the number 
of screening experiments may amount to several thousand, MTPs and related measurement 
technologies have recently attracted considerable interest (Zimmermann 2005). After the initial 
screening, the candidates for production are examined in bench-scale fermenters to finally 
optimize the culture medium (Lye et al. 2003; Marques et al. 2009).  
The volumes of the shaken vessels range between several 100 µl in MTPs to several 100 ml in 
shake flasks (Betts & Baganz 2006). Bench-scale fermenters operate with volumes between 0.5 l 
to 5 l. Shaken vessels offer a relatively high level of parallelization. For instance MTPs contain 6 
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to 96 wells of variable geometry and volume. The oxygen transfer properties have been 
quantified and can reach levels comparable to large scale fermenters (Duetz et al. 2000; 
Hermann et al. 2001; Kensy et al. 2005b). Methods for the online monitoring of important 
process parameters are available, especially for MTPs as well as for shake flasks (Kensy et al. 
2005a; Samorski et al. 2005; Tolosa et al. 2002). But in most small scale shaken vessels, 
processes can hardly be influenced and are therefore mostly limited to batch mode. This makes 
a comparison to industrial fermenters difficult.  
In contrast, the operating conditions in bench-scale fermenters can be set to parameters, which 
are fully comparable to those in industrial scale fermenters, allowing both batch and fed-batch 
processes. Additionally, most fermentation parameters are monitored online and can be 
adjusted to a given set point or profile. Although bench-scale fermenters are the most flexible 
platform for developing biotechnological processes, they offer only a limited throughput and 
have a high consumption of substrates and chemicals.  
Since the established methods for process development either lack process control and thus 
comparability to industrial scale fermenters on the one hand or sufficiently high throughput on 
the other hand, new experimental platforms have to be developed to enable a fast and cost-
efficient process evaluation (Schäpper et al. 2009). The recent advances in initial screening 
technologies based on MTPs and the multitude of potential candidates provided by genetic 
engineering have furthermore increased the demand for process development tools that can 
keep up with the high degree of parallelization.  
Automated fermentations in the submilliliter scale with an integrated online monitoring and 
fluid supply are regarded as a promising approach to overcome this restriction in process 
development (Bareither & Pollard 2011; Lye et al. 2003; Schäpper et al. 2009). The key 
requirements on these microbioreactors are to ensure an adequate temperature, a supply with 
substrates, a sufficient mixing and, for fermentations of aerobic microorganisms, a sufficient 
supply with oxygen, while keeping the evaporation at a low level (Schäpper et al. 2009). If these 
requirements are fulfilled, the advantages of such microbioreactors would include:  
• evaluation of a large number of biocatalysts in shorter periods of time 
• faster acquisition of data for process design and economic purposes 
• potential to operate automated process sequences 
• reduction in the quantity of often expensive synthetic substrates 
• faster transfer from the screening stage to industrial fermentation 
A higher throughput can only be achieved by a higher degree of parallelization, which is aided by 
the small space requirement of microbioreactors. If measurement techniques and fluid handling 
are integrated into microbioreactors, less external macro-scale hardware is needed. Thus, not 
only the footprint can be reduced, but also the cost of the entire microreactor setup (Schäpper 
et al. 2009).  
1.2 Objectives 
The direct transfer of results obtained in small scale bioreactors as MTPs or shake flasks to larger 
scales and different reactor types is generally not possible, since relevant process parameters 
cannot be kept constant (Marques et al. 2009), for example pH or substrate concentration. 
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Variations of these parameters in different fermentation systems may lead to a dissimilar 
development of biomass concentration and even to the expression of completely different 
products. Therefore, fermentation conditions in shaken vessels have been closely 
examined (Büchs 2001; Maier et al. 2004; Micheletti et al. 2006). These studies focused on 
hydrodynamic mixing, gas transfer characteristics and the reproducibility of fermentations. 
Systematic studies of oxygen transfer and fermentations of aerobic microorganisms were carried 
out, in order to examine the comparability between different scales.  
The prerequisite for these studies was the development of measurement technologies for the 
different reactor scales. The most common measurement principles employed were:  
• optical inspection of color changing pH indicators for example in MTP readers,  
• fluorescence measurements of pH or DO dependent dyes,  
• fluorescence measurement of fluorescent products as NADH, 
• integrated electrochemical pH probes, mainly in case of shake flasks and 
• scattered light or transmission measurements of biomass concentration. 
From the experimental results of previous studies, it could be shown that MTPs and shake flasks 
are suitable to carry out fermentations comparable to bench-scale fermenters in terms of 
oxygen supply and operating conditions could be identified that prevent disadvantageous states 
in cultivations of aerobic microorganisms (Duetz et al. 2000). This allows efficient screenings of 
strains and media compositions that can be reproduced in large scale. But this scaling is only 
valid for batch processes without any substrate supply or pH control, which is usually not the 
case in industrial applications. Therefore, an improved scaling can only be achieved, if the micro-
scale fermenters can offer a flexible media supply in addition to the available monitoring 
techniques.  
Since MTPs are used for high throughput processes and suitable online monitoring techniques 
are available, MTPs form an ideal basis for microbioreactors with integrated process control. 
Therefore, the aim of this work is to equip MTPs with microfluidic devices, which allow pH 
controlled fed-batch fermentations in the submilliliter scale. These microbioreactors could offer 
pH control and complex feeding strategies, which are implemented as closed loop controls 
based on the online monitoring data. As a tradeoff between the number of parallel experiments 
and the culture volume available for offline analysis at the end of the fermentations, 48 well 
MTPs are selected for the realization of the microbioreactors in this work.  
In order to obtain full process control, pH control media and substrates for the nutrition of the 
cultures have to be supplied. The fluid volumes have to be reduced in the same extent as the 
culture volume. For instance, if a fermentation in a bench-scale fermenter of 1 l is scaled down 
to a culture volume 0.5 ml, the amount of media for pH control also has to be decreased by a 
factor of 2000. For pH control, this scaling results in a smallest quantity of 5 nl in MTP scale 
instead of a droplet of 10 µl in a bench-scale fermenter. A flexible design of experiments 
requires an individually addressable fluid supply to all cultures that are operated in parallel. This 
necessitates integrated active microfluidic components as valves and pumps. Further 
requirements are temperature control, evaporation restricted to a tolerable extent and 
avoidance of contaminations.  
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The handling of small fluid volumes in the range of several nanoliters to a few microliters is an 
ideal application for microfluidic devices. They can be fabricated in biocompatible polymeric 
materials with cost efficient processes. A reasonable approach is to replace the bottom of MTPs 
with a microfluidic device. The integration of active valves and pumps would significantly reduce 
the complexity of peripheral devices. The combination of microfluidic devices, 
microfermentations in shaken MTPs and optical measurement technology could offer the 
potential to create disposable microbioreactors with the same capabilities in process control as 
bench-scale fermenters. These devices should combine the easy handling of MTPs with the 
online data acquisition and the control of processes comparable to large scale fermenters. 
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2 State of the art 
2.1 Bench-scale fermenters and shaken bioreactors 
Bench-scale bioreactors are the most versatile experimental tool for studying fermentation 
processes (Schäpper et al. 2009). An example of a bench-scale bioreactor is shown in figure 2.1. 
These bioreactors typically operate with culture volumes of 0.5 l to 5 l. Cultivations can be 
carried out in batch, fed-batch, and continuous modes under a broad range of environmental 
conditions. Typically, temperature, pH and, in case of aerobic fermentations, dissolved oxygen 
concentrations are quantified online with commercially available probes. Furthermore, each of 
the process parameters can be maintained close to a desired set point or a set point profile with 
a suitable controller by dosing fluids or influencing the gas exchange rates. This is possible, since 
bench-scale bioreactors usually offer online measurements for pH, substrate consumption, off-
gas composition (especially CO2) and biomass concentration. Although bench-scale fermenters 
provide a high flexibility and well controlled processes, their benefit for process development is 
limited, because of the restricted throughput to the sequential operation, the high media 
consumption and the labor involved for setting up experiments.  
 
Figure 2.1. Bench-scale bioreactor (Sartorius-Stedim 2011a).  
Shaken reactors are also widely used in academic and industrial research. Their field of 
application consists of screenings and development of biochemical processes. They represent a 
simple and cost efficient experimentation platform. Since many reactors can be operated in 
parallel, shaken vessels are well suited for high throughput screenings. The shaking supplies 
aerobic microorganisms with oxygen. In addition, the culture medium is mixed and the 
sedimentation of microorganisms prevented. Shaken bioreactors typically cover reaction 
volumes from 10 ml in case of shake flasks (figure 2.2 a) to several liters in case of shaken tanks. 
The lower volume range of shaken bioreactors is reached by MTPs with 48 or 96 wells (figure 2.2 
b). Here, the reaction volume is reduced to a few 100 µl.  
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The MTP has been developed in 1951 for analytical purposes. It allows the parallel cultivation of 
a large number of miniaturized reactors with the same shape. Typical dimensions of a 48 well 
MTP are given in figure 2.3. Additionally, MTPs can be handled in automated systems, in which 
fluids can be supplied or extracted by pipetting robots. Due to their low cost, easy handling and 
standardized automation techniques MTPs have gained high relevance in process development.  
The oxygen transfer into the culture medium is characterized by the oxygen transfer rate OTR, 
the mass transfer coefficient kL and the specific interface area a (equation 2.1). The product kLa 
is the volumetric mass transfer coefficient. It is one of the most important scale-up parameters. 
The OTR is the amount of oxygen, which is taken up by a sample volume in a given time. kL is the 
molar flow rate with respect to a gas/liquid interface area and a concentration gradient over the 
interface. The specific interface area a is defined as the area of the gas/liquid interface divided 
by the liquid volume (Hermann et al. 2003).  
 OTR  kLa 	CO2* - CL  kLa 	LO2 pG- CL (2.1) 
CO2
*  and CL are the oxygen concentrations in the gas phase and in the liquid, respectively. CO2
*  can 
be replaced by the solubility of oxygen in the liquid LO2 and pG, which is the partial pressure of 
the oxygen in the gas phase. The maximum oxygen transfer rate OTRmax is reached, if the oxygen 
concentration in the liquid is near to zero (equation 2.2). 
 OTRmax  kLa CO2*  kLa LO2 pG  (2.2) 
In (Kensy et al. 2005b), the gas transfer in 48 well MTPs has been analyzed using a chemical 
system based on the oxidation of sulfites. With a shaking diameter of 3 mm, a shaking frequency 
of 1400 min-1 and filling volumes of 300 µl an OTR of 0.28 mol l-1 h-1 has been determined. This 
corresponds to a volumetric oxygen transfer coefficient kLa of 1600 h
-1. These oxygen transfer 
coefficients correspond to those of bench-scale fermenters and are significantly higher than 
those attained in 96 well MTPs.  
 
 
Figure 2.2. a) Shake flasks mounted on shaker plate (Sartorius-Stedim 2011b), b) 48 well MTP 
(m2p-labs).  
Estimations show that up to 90% of all cultivation experiments in biotechnology are carried out 
in shaken bioreactors (Büchs 2001). The hydrodynamic properties of shaken reactors lead to gas 
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transfer characteristics, which are almost independent of the media compositions. Especially, in 
reactors without baffles, the gas/liquid interface, where the exchange of oxygen and carbon 
dioxide takes place, is well defined. In addition, the generation of foam is unlikely (Büchs 2001). 
 
Dimensions 
A  =  127.8 mm 
B  =  85.5 mm 
G  =  18.4 mm 
H  =  10.2 mm 
I   =  13.0 mm 
 
Figure 2.3. Top view and dimensions of a 48 well MTP (Greiner bio-one 2011). The well 
diameter is approximately 11.7 mm 
The combination of shaken bioreactors with external fluid supply devices is an approach to 
bridge the gap between the batch operation in shake flasks and the fed-batch operated stirred 
large scale fermenters. One of the first approaches with mechanically driven piston pumps 
mounted above an agitated rack with up to 40 shake flasks has been reported in (Dale et al. 
1953). A schematic is shown in figure 2.4 a. In (Weuster-Botz et al. 2001) a media supply for 
shake flasks has been developed. This setup uses a piston pump to drive the fluid and miniature 
pinch valves that control the individual fluid dispensing to up to 16 shake flasks (figure 2.4 b). 
The fluids are supplied intermittently according to programmed schemes.  
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Figure 2.4. a) Shaken rack with integrated actuation for substrate supply carrying up to 40 
shake flasks (Dale et al. 1953). b) Piston driven substrate feed, which is controlled by up to 16 
fluid valves (Weuster-Botz et al. 2001). 
This setup is relatively easy to implement and allows an increased parallel operation. By using 
two independent fluid supply circuits and a pH probe in each shake flask, a fed-batch 
fermentation of E. coli with pH control could be demonstrated. The pH control medium is 
ammonia hydroxide in a concentration of 10% and a glucose solution was used as substrate. The 
replication of the same processes, using a stirred tank reactor with an integrated pO2 probe, 
revealed that the intermittent supply of substrate caused variations of the oxygen 
concentration. These variations could possibly affect the metabolism of the cells, if levels of 
limitation are reached within the cycles. In the described experiment the intervals of substrate 
dispensing range from approximately 78 min at the beginning to 27 min at the end of the 
fermentation.  
2.2 Miniaturized bioreactors 
Miniaturized bioreactors are considered as fermentation systems ranging from the scale of 
shake flasks with reaction volumes of 100 ml down to MTPs (Betts & Baganz 2006). The 
intention of miniaturization and integration of process control is to increase their capability for 
high-throughput experimentation from strain selection to process optimization (Micheletti & Lye 
2006). The prevailing designs of miniaturized bioreactors are based on shaken vessels, stirred 
reactors and bubble columns. Recently, MTPs are increasingly attracting interest as a platform 
for bioreactors, especially due to the ease of integrating optical monitoring techniques as 
optodes (Fernandes & Cabral 2006). 
A reactor based on a six well plate with dimensions similar to MTPs is described in (Elmahdi et al. 
2003). The reaction volume per well is 7 ml. Each well is equipped with a standard pH probe 
(figure 2.5). An additional port allows the supply of acids or bases. The device is shaken at a 
frequency of 600 min-1 in a radius of 3 mm for oxygen supply. The device was used in 
fermentations of Saccharopolyspora erythraea to study the effect of pH control on the 
development of biomass and the formation of products. This simple device with manual control 
is applied to derive characteristic data that will be used for automatic pH control.  
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Figure 2.5. Six well microbioreactor for the study of pH controlled fermentations (Elmahdi et 
al. 2003). 
The comparability of fermentations of E. coli in cuvettes with a volume of 2 ml with large scale 
processes was studied by Kostov et al. (2001). The culture medium was aerated by a sparging air 
into the fluid, while mixing with a magnetic stir bar (figure 2.6 a). The online monitoring of OD, 
pH and DO is completely based on optical techniques. The results of this study led to the 
development of a 24 well microbioreactor (figure 2.6 b) that utilized the same noninvasive 
optical measurements (Harms et al. 2006). The small scale vessels are aerated by miniaturized 
individually controlled impellers, based on the signal of the DO measurements. Both approaches 
do not allow the supply of fluids for pH control or feeding.  
 
 
Figure 2.6. a) Cuvette with a reaction volume of approximately 2 ml and capabilities for optical 
online monitoring (Kostov et al. 2001). b) High throughput bioreactor consisting of 24 discrete 
microbioreactors with integrated stepper motor driven stirrers (Harms et al. 2006). 
MTP based systems without an integrated fluid handling can employ external devices such as 
pipetting robots. This approach is described in (Becker et al. 2009), where a specially designed 
MTP is used for chemosensitivity screenings of cell cultures. Due to this application, high gas 
transfer rates and thus an active aeration is not required. The wells are partitioned in three 
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chambers (figure 2.7 a). The culture chamber is connected to two reservoirs with a volume of 
750 µl each. The pipetting robot extracts culture medium from one reservoir and adds it to the 
second one, in order to achieve a difference in filling levels. The height difference drives a flow 
across the culture chamber. The fluid extraction and filling are repeated continuously. The small 
cross section of the channels between the reservoirs and the culture chamber restricts the fluid 
stream to low flow rates and a fluid exchange is carried out every 20 min. The culture chamber 
has a volume of 23 µl and is equipped with optodes for pH and DO measurements. Further 
information on the cell growth is obtained from interdigitated electrodes on the bottom of the 
wells, which allow for impedance spectroscopy (figure 2.7 b). The whole experimental setup is 
placed in a constant-climate chamber with controlled humidity and gas composition. The 
chamber is additionally equipped with filters to maintain sterile conditions.  
 
 
Figure 2.7. MTP based cell culture system (Becker et al. 2009). a) Microwell plate with 
microfluidic flow chambers. b) Bottom of microwell plate with integrated sensors.  
Miniaturized reactors for parallel fed-batch fermentations have been introduced by Puskeiler et 
al. (2005). The reactor has seven wells, each with a reaction volume of 10 ml. This bioreactor 
concept has been extended to 48 parallel operated reactors (Weuster-Botz et al. 2007). The 
wells resemble scaled down stirred bench-scale fermenters, as every well is equipped with an 
impeller (figure 2.8 a). At a frequency of 2600 revolutions per minute, a kLa of approximately 
792 h-1 is reached. During fermentations, the process parameters pH, DO, OD and the formation 
of products are monitored. The parameter DO is measured by optodes fixed to the bottom of 
the reaction chambers. The other parameters are measured externally in MTP readers. A 
pipetting robot extracts the samples with volumes of 10 µl to 50 µl. Theses samples are used for 
pH measurements in MTPs with optodes at the bottom of the wells. The pH is adjusted by dosing 
ammonia hydroxide. Substrates are also dosed according to predefined feeding profiles by the 
pipetting robot that is used for the extraction of samples. Samples are extracted in intervals of 
one to two hours. In fed-batch mode, the interval of substrate supply is typically 4 min and the 
interval of pH titration 3 h. The dispensing volumes of pH titration are calculated by a 
proportional controller. In order to increase the oxygen transfer, the oxygen concentration in 
the climate chamber is increased to 50%. However, during fermentations of E. coli the oxygen 
concentration drops significantly within the first minute after each addition of glucose. Partially, 
the dissolved oxygen is completely consumed. Within the next minute, the oxygen concentration 
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reaches approximately half of the saturation concentration and within the last two minutes of 
the feeding interval, the oxygen concentration reaches at least 86% of the saturation value. The 
results show that the added glucose is consumed within a short time period, during which 
oxygen limitation can occur. This effect aggravates with increasing biomass concentration. To 
prevent these undefined fermentation conditions, the microbioreactors developed in this work 
will require shorter intervals of substrate feeding and high levels of oxygen transfer. Faster 
measurement intervals can be achieved by integrated monitoring techniques, whereby the 
control of process parameters is facilitated.  
 
Figure 2.8. Miniaturized stirred tank bioreactor with a reaction volume of 10 ml. Automated 
pipetting systems enable fed-batch fermentations of seven reactors in parallel (Puskeiler et al. 
2005). 
2.3 Microbioreactors for the development of fermentation 
processes 
Typically, microbioreactors are defined as small scale reactors for the fermentation of 
microorganisms in volumes less than 1 ml (Schäpper et al. 2009). The microbioreactors 
described in this section are intended for microorganisms growing in suspension, which is 
usually the case in industrial processes. Microbioreactors show a high potential for the selection 
of microbial strains and fermentation process development, due to the additional process 
control, which is not available in standard shaken vessels (Schäpper et al. 2009). The interest in 
small scale and parallel operated platforms is supported by the trend of increased use of 
microorganisms in chemical industry and energy production (Lye et al. 2003).  
In pharmaceutical and biotechnological industry an increasing demand for fast and efficient 
process developments arises (Bareither & Pollard 2011). High throughput screenings are 
essential in order to deal with the large number of available microbial strains. Here, 
microbioreactors provide a promising alternative to conventional shake flasks and MTPs, which 
are established screening tools (Bareither & Pollard 2011; Schäpper et al. 2009). 
Microbioreactors allow the continuous measurement and the control of relevant fermentation 
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parameters and can be equipped with an integrated fluid handling. Therefore, processes in 
microbioreactors with established control loops will resemble conditions in large scale 
fermenters better than those in vessels without process control (Micheletti & Lye 2006; 
Schäpper et al. 2009). Due to the potentially high throughput of microbioreactors, experiments 
could be carried out under more application relevant conditions during earlier phases of 
development (Betts & Baganz 2006). The second field of application of microbioreactors in the 
development of biotechnological processes is the optimization of bioprocesses as early as 
possible (Micheletti & Lye 2006). Here, the main benefit of microbioreactors compared to 
bench-scale fermenters is the increased parallelization and thus the increased throughput of 
samples (Betts & Baganz 2006; Fernandes & Cabral 2006; Kumar et al. 2004; Lye et al. 2003; 
Schäpper et al. 2009; Zhang et al. 2007).  
The prerequisite for microbioreactors to become commonly accepted is that they are cheap, 
disposable, offer a precise process control and provide results scalable to large fermenters. If 
these conditions can be fulfilled, microbioreactors will be used as standard experimentation 
platforms for fermentation research in the future (Schäpper et al. 2009). Many technologies 
enabling single-use microbioreactors already exist. For instance, the culture parameters 
temperature, pH, biomass concentration and DO can be monitored using methods that are 
noninvasive and disposable (Schäpper et al. 2009). Thus, microfabrication and measurement 
technologies combined with the knowledge of mass transfer and fermentation methods offer 
the potential to develop disposable and small scale devices that allow processes comparable to 
bench-scale bioreactors. These small scale bioreactors ideally combine the advantages of small 
shaken vessels with the available online monitoring and the easy handling as well as the control 
capabilities of bench-scale bioreactors (Schäpper et al. 2009). Cost reductions could be achieved 
by the reduction of culture volume, the use of polymer materials that are cheap enough for 
disposable devices, facilitated handling for setting up experiments and parallel operation (Betts 
& Baganz 2006; Kumar et al. 2004; Lye et al. 2003). Disposable reactors offer the advantages of 
preventing sample contamination and reducing the effort of reactor preparation significantly, as 
they do not have to be cleaned and sterilized (Schäpper et al. 2009). 
Several approaches for microbioreactors have been reported in literature and are reviewed in 
(Bareither & Pollard 2011; Betts & Baganz 2006; Fernandes & Cabral 2006; Kumar et al. 2004; 
Micheletti & Lye 2006; Schäpper et al. 2009). In the following sections, the main requirements 
on microbioreactors, which have been identified in literature, will be summarized and the five 
most advanced systems with integrated functionalities for fluid handling, sensing or process 
control will be introduced. An overview of the properties of these microbioreactors is given in 
table 2.1.  
The device of Zanzotto et al. (2004) follows the simplest concept. Basically, it consists of a 
cylindric chamber in a PDMS substrate with volumes of 5 µl to 50 µl (figure 2.9 a). Two optodes 
for pH and pO2 measurements are incorporated in the reaction chamber. OD is determined by 
measuring the transmittance. A PDMS membrane with a thickness of 100 µm covers the top of 
the reactor and provides aeration. The chamber is filled through a pair of microfluidic channels, 
which are finally sealed with epoxy glue (figure 2.9 b).  
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Figure 2.9. PDMS based microbioreactor consisting of one well with a reaction volume of up to 
50 µl and integrated pH and DO optodes (Zanzotto et al. 2004). 
The devices of Boccazzi et al., Szita et al. and Zhang et al. share the same design, as they are 
developed in collaboration of two groups of the Massachusetts Institute of Technology. A 
shallow cylindrical reaction chamber, which is equipped with a magnetically driven stirrer bar, is 
realized in a four layer microreactor (figure 2.10). The outer layers are made of PMMA, while an 
inner layer and an aeration membrane are made of PDMS. The reaction volumes range from 
50 µl to 150 µl. Optic fibers are placed below the reaction chamber for the readout of pH, pO2 or 
OD (figure 2.11 a).  
 
Figure 2.10. Schematic cross section of the microbioreactor described in (Szita et al. 2005). The 
process parameters pH, pO2 and OD are measured optically. Aeration through a 100 µm thick 
PDMS membrane is supported by a magnetically actuated stirrer.  
Also in the device described by Boccazzi et al., optodes are integrated for the measurement of 
pH and pO2, while OD is measured by transmittance (figure 2.11 b). An external water reservoir 
is connected to the reaction chamber to replace evaporated water. 
24 2 State of the art 
 
 
 
Figure 2.11. Detail of optic fibers connected to the microbioreactor of (Zhang et al. 2007). b) 
Optical measurement setup, fluid actuation and magnetic stirrer actuation (Boccazzi et al. 
2006).  
Maharbiz et al. developed a microbioreactor of eight wells arranged in a row with dimensions 
based on standard 96 well MTPs (figure 2.12 a). The reaction volume is approximately 250 µl. 
The bottom of the wells is replaced by a printed circuit board (PCB), which carries a temperature 
sensor, a resistor for heating, an ion sensitive field effect transistor (ISFET) and a platinum 
reference electrode for each well. Furthermore, the PCB has an opening in each well, which is 
sealed by a PDMS membrane. Additional wells are attached to the bottom side of the PCB, 
containing fluids as water or formic acid as well as noble metal electrodes for the electrolytic 
generation of oxygen or carbon dioxide. The generated gases permeate through the PDMS 
membrane and into the fluid (figure 2.12 b). During fermentations, the array is shaken with a 
frequency of 175 min-1 to support the mixing. A steal bead is added to each well in order to 
increase the agitation. The OD is measured by external LEDs and photodiodes.  
Figure 2.12. a) A row of eight wells with a reaction volume of 250 µl each is placed on a printed 
circuit board with electric components for temperature and pH control (Maharbiz et al. 2004). 
Oxygen or carbon dioxide can be generated in electrolysis chambers. b) The gases diffuse 
through an orifice into the culture chamber and may result in the formation of bubbles.  
In (Lee et al. 2006), a fully PDMS based microbioreactor with four wells within one chip and a 
reaction volume of 100 µl each is presented (figure 2.13 a). The OD is monitored by measuring 
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the transmittance, whereas both pH and DO are measured using optodes (figure 2.13 c). For pH 
control, acids or bases can be dispensed from two reservoirs by metering valves. The reservoir 
volumes are 16 µl. The culture medium is mixed by the deformation of an approximately 70 µm 
thick PDMS membrane, which is operated in a peristaltic mode (figure 2.13 b). The membrane is 
driven by pressurized oxygen that permeates through the membrane into the culture medium, 
whereby the culture medium is aerated. The reaction chamber is connected to an external 
channel that takes up excessive fluid. 
 
 
 
Figure 2.13. a) PDMS based microbioreactor with four reaction chambers and independent 
supply of two pH control media from internal reservoirs. b) The culture medium is agitated by 
a pneumatically actuated membrane. c) The pH control media are dosed from the reservoirs to 
the culture chamber by metering valves (Lee et al. 2006). 
The different aeration concepts lead to volumetric oxygen transfer coefficients kLa of 20 h
-1 to 
360 h-1. The kLa (chapter 2.1) is a standard measure of oxygen transfer efficiency in bioreactors 
and is considered as one of the most important scale up parameters. For comparison, shaken 
48 well MTPs and industrial scale fermenters can be operated at kLa of up to 1600 h
-1 (Kensy et 
al. 2005b; Linek et al. 1989). All five microbioreactors have been used for fermentations of the 
aerobic microorganisms E. coli or S. cerevisiae. The fermentations have been compared with 
processes reproduced in bench-scale fermenters, the results are summarized below (see 
page 40).  
All described microbioreactors are equipped with pH and OD sensing. The measurement of DO is 
not implemented in the reactor of Maharbiz et al. But the other four reactors feature DO 
measurements based on optodes (compare with chapter 2.4). The control of pH is realized in the 
devices of Lee et al. and Maharbiz et al. The other microbioreactors just rely on buffered culture 
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media. For pH control, Lee et al. use the injection of two different fluids, while in the device of 
Maharbiz et al. electrolytically generated CO2 can be supplied to the cultures.  
Remarkably, the two most advanced devices have been developed in collaboration of 
laboratories with biological, chemical engineering and microelectromechanical systems (MEMS) 
background. The microbioreactor of Maharbiz et al. was developed at the Sensor and Actuator 
Center and the Department of Chemical Engineering of the UC Berkeley and the microbioreactor 
of Lee et al. was designed by the Research Laboratory of Electronics and the Department of 
Biology and Health Sciences and Technology, both at the Massachusetts Institute of Technology. 
This shows the high level of interdisciplinarity, which is involved in the downscaling of 
biotechnological processes as well as the integration of sensors and fluid handling. In the 
following section, the details on the applied materials, fluid handling and sensing techniques 
that are employed in the described reactors are given. 
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Table 2.1. Microbioreactors and their characteristics, corresponding to (Schäpper et al. 2009).  
Source (Zanzotto et 
al. 2004) 
(Boccazzi et al. 
2006) 
(Lee et al. 2006) (Maharbiz et 
al. 2004) 
(Szita et al. 
2005), (Zhang 
et al. 2006) 
Shown in figure 2.9 2.10 2.13 2.12 2.11 
Volume [µl] 5-50 50 100 250 150 
Organism and 
fermentation 
mode 
E. coli, batch S. cerevisiae, 
batch 
E. coli, batch E coli, batch E. coli, batch 
and S. 
cerevisiae, 
batch, resp. 
Mixing  Diffusion Magnetically 
actuated stirrer 
on axis 
Peristaltic, 
pneumatically 
actuated 
Shaken steel 
bead 
Magnetically 
actuated 
stirrer on axis 
Minimization 
of evaporation 
Humidified air Water 
replenishment 
from reservoir 
Humidified 
oxygen feed 
Sealed Water 
replenishment 
from reservoir 
kLa [h
-1
] 60 Not quantified 360 150 20-75 
OD 
measurement 
Transmittance Transmittance Transmittance Transmittance Transmittance 
Max. OD 8 6.87 40 2.5 6 and 7, resp. 
DO 
measurement 
Optode Optode Optode None Optode 
DO control  None None Oxygen 
concentration in 
actuation gas for 
peristaltic mixer 
No control, 
electrolytical 
generation 
None 
pH 
measurement 
Optode Optode Optode ISFET Optode 
pH control Buffered None Fluid injection Electrolytical 
CO2 
generation, 
instead of O2 
generation 
Buffered 
Temperature 
control 
Heated 
chamber 
Heated chamber Heater on base 
plate 
Thermistor 
and resistive 
heating 
Heated 
chamber 
 
28 2 State of the art 
 
Materials for microbioreactor systems 
Microbioreactors described in literature are mostly made of either polymethylmethacrylate 
(PMMA) or polydimethylsiloxane (PDMS) (de Jong et al. 2008; Lee et al. 2006; Szita et al. 2005; 
Zanzotto et al. 2004; Zhang et al. 2006). This results from their suitability for fast and easy 
processing and low material costs (Schäpper et al. 2009). These materials also show a high 
optical transmission, which allows the use of optical measurement techniques (Fleger & Neyer 
2006; Zhao et al. 2000). In early development stages, PMMA is mostly structured by 
micromachining, while PDMS devices are structured by softlithography (Becker & Gärtner 2008; 
Tsao & Devoe 2009). Since PMMA has a comparably low elongation at break, it is better suited 
for structuring by milling than for example polycarbonate (PC). If large quantities are required, 
PMMA layers, as most thermoplastic polymers, can also be structured by replication methods 
like injection molding or hot embossing. These processes are more suitable for large series 
production, while milling is more appropriate for the rapid fabrication of prototypes, as it does 
not involve the high tool costs and lead time of replication processes.  
PDMS based microbioreactors require less technical effort since the replication involves simple 
casting and curing steps (Unger et al. 2000; Xia & Whitesides 1998). Structured photoresists on 
silicon wafers are mainly used as molds. PMMA and PDMS layers can be easily combined in one 
microbioreactor, for instance by clamping a PDMS layer between two PMMA plates to achieve 
watertight seals in multilayer devices (Szita et al. 2005). Furthermore, PMMA and PDMS offer 
low material costs and cheap fabrication processes. Therefore, theses materials are frequently 
used for demonstrators of microbioreactors.  
An important advantage of PDMS over thermoplastic polymers as PMMA or polystyrene (PS) is 
that it enables the integration of active microfluidic components as valves or pumps directly in a 
monolithic device (McDonald & Whitesides 2002; Schäpper et al. 2009). PDMS multilayer 
microfluidic devices can be assembled for instance by oxygen plasma enhanced bonding (Jeon et 
al. 2002). On the one hand, the integration of active components complicates the design and 
fabrication of the reactors, but on the other hand, the complexity of the external setup is 
reduced because fewer or simpler macro-scale instrumentation is required (Schäpper et al. 
2009). Silicon and glass can also be used for the fabrication of microbioreactors, but these are 
more difficult to process and require access to clean-room facilities (McDonald & Whitesides 
2002; Schäpper et al. 2009). 
PDMS has a high coefficient of permeability for oxygen and carbon dioxide of approximately 
800 Barrer and 3800 Barrer at 35°C, respectively (Merkel et al. 2000). The permeability is the 
product of the coefficients of solubility and diffusion. This makes PDMS well suited for 
membrane aerated devices. For comparison, the coefficient of permeability for oxygen and 
carbon dioxide in the thermoplastic polymer PC is 1.6 Barrer and 1.1 Barrer, respectively (Bae et 
al. 1994; Lopez-Gonzalez et al. 2001). However, the high permeability for water in PDMS may 
lead to a comparably high evaporation from the culture medium (Becker & Gärtner 2008).  
Mixing in micro-scale culture chambers  
Mixing is an important process in cultures of suspended microorganisms, as it influences the 
distribution of microorganisms, the availability of oxygen and nutrients as well as the removal of 
waste products, an efficient mixing supports a uniform temperature profile in the culture 
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medium and allows representative measurements (Schäpper et al. 2009). In small scale reactors, 
mixing becomes more difficult, as the Reynolds number decreases while reducing of the length 
scale. This results in rather laminar flow regimes, which is in contrast to large scale fermenters, 
where mixing is supported by turbulent flow. Therefore, in small scale more effort has to be 
made for agitating of the culture medium in order to prevent microorganisms from 
sedimentation and the formation of dead zones. These zones of insufficient mixing would lead to 
local clusters of microorganisms with undefined culture conditions. In general the mixing 
procedure has to compromise between ensuring homogeneity with an efficient heat and mass 
transfer on the one hand and avoiding damage to the microorganisms on the other 
hand (Schäpper et al. 2009). Therefore, the intensity of mixing is largely influenced by the type 
of microorganisms, which show more or less distinct tendencies to sediment or to react to 
thermal or concentration gradients.  
As mentioned above, most microfluidic bioreactors are equipped with enclosed reaction 
chambers that are completely filled with the culture medium and have no gas-liquid interface as 
in MTPs or shake flasks. Due to the lack of density variations in the reaction chamber, shaking 
cannot lead to a significant mixing effect. But mixing can be achieved by moving parts that 
agitate the fluid or by passive methods that rely on structured channels interacting with the 
streaming fluid. The structured channels induce convective currents that split the flow, enlarge 
interfaces between the different phases and, thereby, support diffusive mass transfer 
(figure 2.14). When applying active mixing, methods of large scale fermenters are often 
mimicked (Schäpper et al. 2009). For example in (Szita et al. 2005; Zhang et al. 2006) a stirrer bar 
is mounted on a vertical post. A magnet, rotating underneath the microbioreactor, drives the 
stirrer bar at frequencies of up to 700 min-1 (figure 2.11 b). 
These reactors provide a defined fluid flow in the culture medium, but the fabrication of stirrer 
and axis is relatively complex. However, this approach cannot guarantee that there are no dead 
zones, for instance along the edges between the reactor’s sidewalls and the bottom 
plane (Schäpper et al. 2009). A simpler solution has been achieved by adding a steel bead to 
each well (figure 2.12) and shaking the microbioreactor (Maharbiz et al. 2004). In this case the 
mixing with steel beads also has to prevent the formation of gas bubbles due to the aeration 
through a PDMS membrane at the bottom of the well.  
In (Lee et al. 2006) several deformable air chambers have been placed on the top face of the 
reaction chamber (figure 2.13). A periodic inflation of these chambers leads to a deformation of 
the boundaries and thus to a peristaltic actuation of the fluid in the chamber.  
In contrast, Zanzotto et al. fabricated shallow microbioreactors without active 
mixing (figure 2.9). The volumes of the reaction chambers range from 5 µl to 50 µl. Due to the 
depth of 300 µm and the motility of the E. coli, diffusion was sufficient to enable batch 
fermentations. However, the formation of a gradient in oxygen concentration from the 
membrane to the bottom of the reaction chamber can be expected (Schäpper et al. 2009). This 
gradient may also affect the accuracy of the optode based measurements, since the optodes are 
located on the bottom of the chamber. Here, the oxygen concentration is reduced and thus also 
the pH might be different from that near the membrane, if an oxygen limitation occurs.  
Passive mixing in structured channels requires a flow of the culture medium. One example of 
structured channels is the staggered herringbone mixer shown in figure 2.14 (Stroock et al. 
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2002). Sequences of inclined ridges lead to circulations of the culture medium around an axis 
along the direction of flow. This chaotic advection supports the diffusion and can significantly 
reduce the space requirements for the mixing channel.  
 
Figure 2.14. Passive mixing in a structured channel, which induces circulations of the fluid 
along the axis of flow. The mixing is illustrated by confocal micrographs at different positions 
along the channel (Stroock et al. 2002).  
Another possibility is to increase the formation of swirl by increased velocities. This can be 
implemented for example with three serially connected reaction chambers where the culture 
medium is pumped back and forth from the outer chambers to the middle chamber (Li et al. 
2008). Whereas passive mixing avoids the need of active mixing components in the reaction 
chamber, it requires active components to drive the fluid through the passive mixing structures. 
Also in this case, care has to be taken to prevent the sedimentation of particles in dead 
zones (Schäpper et al. 2009). 
While several methods have shown an efficient mixing in fermentations of microorganisms, they 
often require expensive manufacturing. For example, the micro-impeller requires an accurate 
fabrication of the components and a precise assembly, whereas a system with moving 
boundaries as the peristaltic mixing in (Lee et al. 2006) needs a pneumatic actuation. Although 
both systems can be fabricated with mass production methods, a mechanically simpler solution 
will result in lower production costs (Schäpper et al. 2009). Therefore, a simple implementation 
of mixing would be advantageous. This approach should provide a sufficiently high mass transfer 
and should be applicable to a wide range of microorganisms, as it is provided by the shaking of 
MTPs.  
Aeration and evaporation 
Providing a sufficient oxygen supply, which is essential for fermentations of aerobic 
microorganisms, represents a challenge in microbioreactors due to the low mixing efficiency in 
laminar flow regimes. However, the small dimensions of microbioreactors lead to relatively high 
surface to volume ratios that support the oxygen transfer (Lee et al. 2006; Zanzotto et al. 2004). 
The integrated mixing of microbioreactors is mainly responsible for providing a homogeneous 
oxygen distribution inside the culture medium. The oxygen transfer can be supported by 
2.3 Microbioreactors for the development of fermentation processes 31 
 
 
increasing the oxygen concentration in the gas phase, as this will lead to higher concentration 
gradients and thus to higher transfer rates (Puskeiler et al. 2005). 
Since bubble formation in microbioreactors with low working volumes of 50 µl to 1 ml is often 
not tolerable, sparging of oxygen containing gases cannot be applied, such as in large scale 
fermenters. Therefore, oxygen supply is often achieved by aeration through a membrane. Thus, 
in most microbioreactors aeration is achieved through a PDMS membrane that is in direct 
contact with the culture medium (Lee et al. 2006; Szita et al. 2005; Zanzotto et al. 2004; Zhang 
et al. 2006). The most frequently applied aeration method in microbioreactors is a gas 
permeable PDMS membrane on the top side of a rather flat reaction chamber (Boccazzi et al. 
2006; Zhang et al. 2007). This allows diffusion of oxygen and off-gases at sufficiently high rates, 
while ensuring sterility and reducing evaporation. In most microbioreactors the membrane 
thickness is 30 µm to 100 µm. Typically, these microbioreactors are operated in chambers that 
are purged with a gas stream. The gas transfer through the membrane is supported by the 
relatively high permeability of PDMS to gases. Since the pressure in the gas chamber is not 
higher than in the reactor chamber, bubble formation is almost prevented (Schäpper et al. 
2009).  
Maharbiz et al. developed an electrolytic gas generation integrated in a micro-well based 
microbioreactor as described earlier (figure 2.12). The gas generation chamber is filled with an 
electrolyte, which is electrolyzed by a pair of gold electrodes. The rate of oxygen and hydrogen 
generation is directly controlled by the electric current through the electrodes. The generated 
gas then diffuses through the PDMS membrane into the culture medium. With this reactor, 
oxygen transfer rates (OTR) of up to 40 mmol l-1 h-1 have been achieved. For comparison, OTR of 
up to 280 mmol l-1 h-1 have been reported for shaken 48 well MTPs (Kensy et al. 2005b). Since 
the reactor described above is aerated through the bottom of the reaction chamber, the 
aeration membrane bulged upward due to the gas pressure in the electrolysis chamber 
(figure 2.12 b). Furthermore, a formation of large bubbles is observed directly above the 
membrane. The applied mixing method, a steel bead agitated by orbitally shaking the reactor at 
a frequency of 175 rpm, was obviously not strong enough to break up the gas bubbles. A more 
intense mass transfer inside the chamber could reduce the bubble formation and thus allow a 
higher OTR. The shaking itself is too weak to ensure a sufficient gas transfer (Hermann et al. 
2003).  
Zanzotto et al. used a shallow reactor with a height of 300 µm to shorten the diffusion distance 
from the gas permeable PDMS membrane of 100 µm thickness to the bottom of the reaction 
chamber (Zanzotto et al. 2004). However, the kLa of 60 h
-1, achieved in this microbioreactor, is 
comparably low. This is due to the diffusion based transport mechanism without active mixing 
and the use of air instead of an oxygen enriched atmosphere.  
In contrast, Lee et al. demonstrated that a comparably high kLa of up to 360 h
-1 can be achieved 
in microbioreactors during fermentations (Lee et al. 2006). In this case, the reactor has been 
equipped with an efficient mixing and pressurized oxygen for aeration. Mixing is based on 
peristaltic inflation of membrane-sealed chambers. The PDMS membrane is therefore not only 
used for mixing, but also for aeration. Due to the actuation pressure of approximately 28 kPa 
and an adjustable oxygen concentration in the actuation gas, a high concentration gradient over 
the membrane and thus a high oxygen transfer is achieved. Although, the aeration process is 
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subject to variations, the oxygen concentration can be accurately controlled in closed loop using 
the results of fluorescence based DO measurements. In batch fermentations of E. coli in 
lysogeny broth (LB), the oxygen concentration could be sustained within 30% to 40% of air 
saturation. 
As the PDMS membranes are not only permeable for oxygen and carbon dioxide but also for 
water, the evaporation cannot be prevented completely. In (Boccazzi et al. 2006) an evaporation 
rate of 4.3 µl h-1 through a 100 µm thick PDMS membrane at 30°C has been determined. That 
means that the reactor with a volume of 150 µl would have dried out completely after 35 h. The 
evaporation leads to increasing concentrations of cells, substrate and products in the culture 
medium. Additionally, gas bubbles will form due to the volume reduction and disturb the online 
measurements (Schäpper et al. 2009).  
Since fermentations under these conditions would be useless, techniques are applied that 
minimize evaporation or continuously replenish the evaporated volume. In most cases, the 
whole reactor is placed in a chamber with a humidified atmosphere. This makes a direct access 
to the reactor more difficult, but the evaporated volume is reduced to tolerable amounts (Szita 
et al. 2005).  
Another possibility to passively replenish the evaporated water is to connect a reservoir to the 
reactor (Boccazzi et al. 2006; Szita et al. 2005; Zhang et al. 2006). The amount of evaporated 
water is supplied directly from the reservoir. This method keeps the culture volume constant, 
but increases the risk of contamination. It is also difficult to implement in continuously run 
cultures or in fed-batch mode, because it creates an additional port with undefined flow 
characteristics (Schäpper et al. 2009). In continuous cultures and fed-batch operation the 
priority has to be preventing evaporation.  
In summary, the volumetric oxygen transfer coefficient kLa has been determined in four of the 
previously described microbioreactors. In the membrane aerated reaction chamber of Zanzotto 
et al. a kLa of 60 h
-1 was determined. This is within the same range as the microbioreactor of 
Szita et al. achieved with a magnetically actuated stirrer bar. Depending on the stirrer frequency 
ranging from 180 min-1 to 700 min-1, kLa from 20 h
-1 to 75 h-1 have been determined. The 
electrolytic generation of oxygen in Maharbiz et al. leads to a significantly higher kLa of 150 h
-1. 
The highest kLa of 360 h
-1 is realized with the microbioreactor of Lee et al. For comparison, 
stirred bench-scale fermenters and shaken 48 well MTP typically reach kLa of up to 1600 h
-1. The 
high oxygen transfer results from operating the peristaltic mixing chambers with pure oxygen at 
an elevated pressure. The frequency of the peristaltic actuation is used to control the oxygen 
transfer based on the results of the optode measurements. As a result, only the microbioreactor 
of Lee et al. is able to provide oxygen transfer rates, which are comparable to shaken vessels or 
bench-scale fermenters (Hermann et al. 2003; Kensy et al. 2005b; Kensy et al. 2009). Although 
all devices are designated for fermentations of aerobic microorganisms, the other four 
microbioreactors might only allow oxygen limited fermentations. 
Fluid handling 
Batch fermentations are the simplest mode, because only the filling of the chamber and the 
evaporation have to be considered (Schäpper et al. 2009). In fed-batch fermentations it is also 
necessary to handle additional media as substrates or acids and bases. This requires active 
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components as valves and pumps that are integrated into the reactor or are part of an external 
experimental setup. In continuously run cultures the fluid handling also has to withdraw the 
culture medium. Particularly, in fermentations with high cell densities, clogging of the extraction 
channels is a potential risk. The extraction of culture broth requires a surface modification of the 
output channels that prevents protein adsorption and cell adhesion (Zhang et al. 2006).  
Substrate solutions are mostly dosed by peristaltic or syringe pumps to the cultures. In reactors 
with an open chamber fluids accumulate. Continuous processes are more complicated in open 
chambers because in the volume flow balance of the input flow, the output flow and the 
evaporation has to be considered and controlled. In reactors with a constant volume, as it is the 
case for most microbioreactors, the excess of culture volume is passively pushed out of the 
reactor (Schäpper et al. 2009). This type of reactor is suitable for continuous processes with 
defined flow rates. If the culture volume is extracted by a pump at the same flow rate as the 
supplied fluid, it is possible to compensate the evaporated water from an additional reservoir. 
This concept works well with one reactor, but it poses difficulties with respect to 
parallelization (Schäpper et al. 2009). To achieve an individually controlled fluid supply, either 
every microbioreactor has to be equipped with its own set of external pumps or additional fluid 
control has to be integrated into the reactors. The first alternative results in an expensive 
hardware and therefore will limit the extent of parallelization. The second alternative makes the 
reactors more complex in terms of manufacturing requirements and connections to external 
hardware. A further advantage of integrated microfluidic components is that they can be 
adapted to a range of favored dispensing volumes and thus can deliver fluids with a high 
accuracy.  
An example of a PDMS based microfluidic device for precise pipetting is described in (Huang et 
al. 2008). This device employs pneumatically actuated valves and hydrophobic stops to dispense 
fixed fluid volumes in quantities of 60 nl, 300 nl and 1.8 µl. The design of the device incorporates 
two PDMS layers, one carries the fluid handling and a second carries the pneumatic control lines. 
Both layers can be fabricated using soft lithographic techniques (Xia & Whitesides 1998). The 
subsequent bonding of both layers can employ oxygen plasma or concentration gradients of the 
PDMS components (Unger et al. 2000). Therefore, this dispensing concept can be easily 
integrated in microbioreactors. One limiting factor for a robust operation are the hydrophobic 
stops, which can only withstand pressure differences of 1.6 kPa corresponding to a water head 
of 163 mm. Although microfluidic pipetting devices can provide a high reproducibility with 
aqueous solutions, they have so far not been used for the dispensing of highly viscous media as 
substrate solutions.  
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Figure 2.15. Microfluidic device for precise metering of fluids fabricated in PDMS. The device is 
able to dispense volumes of 60 nl, 300 nl and 1.8 µl (Huang et al. 2008).   
The metering of fluids is a task that is well suited for microfluidic pumps, which have been 
developed by several groups (see chapter 2.5). Lee et al. proved their applicability to 
microbioreactors for fermentations of microorganisms by injecting acid or base into the reactor 
chamber. Since up to now only microbioreactors for batch processes have been developed, the 
pumping of viscous substrates has not yet been implemented in microbioreactors.  
Micropumps can also be used for driving recirculation flows and thus making external pumps 
obsolete (Schäpper et al. 2009). The more functions concerning fluid handling are needed in a 
microbioreactor and the more reactors are run in parallel, the more it becomes reasonable to 
equip the microbioreactors with integrated active fluidic components. This is favored by MEMS 
production processes, which are able to replicate a multitude of micro-scale structures. 
Therefore, many valves and pumps can be fabricated within a few manufacturing steps without 
the need of a serial assembly. Merely, the connections of external hardware to the reactor limit 
the number of valves or pumps.  
In most cases, the footprints of pneumatic or fluidic connections are larger than the area 
required for the microfluidic valves themselves. Thus, connections between the macro and the 
micro-scale have been investigated in detail. These studies have shown a large number of 
solutions, which are reviewed in (Fredrickson & Fan 2004). For reactors consisting of multiple 
soft and hard layers such as PDMS and PMMA, fluidic connections are typically established in the 
hard layer, as this allows for a defined fluidic interconnect (Schäpper et al. 2009). The simplest 
way is to glue a needle into a channel, which then can be connected to a syringe or tubing. 
Whilst this type of connection is easily established, the disadvantage is that it takes a lot of space 
above the reactor, which might be required for monitoring systems (Schäpper et al. 2009). 
Additionally, there is a significant risk of glue seeping into the needle or the microfluidic channel 
and thus clogging it. The easiest way to establish a connection to PDMS based reactor is to 
punch holes into the PDMS layers using a needle with a flat tip (Christensen et al. 2005). The 
resulting hole is slightly smaller than the needle itself and the same type of needles can 
therefore be utilized in a fluidic connection (figure 2.16).  
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Figure 2.16. A simple method of establishing fluidic interconnects in PDMS based microfluidic 
devices (Christensen et al. 2005). A core is punched out with a sharpened 20-gauge needle. 
The resulting hole diameter is smaller than the outer diameter of a second needle, through 
which a tight seal is formed.   
The contact pressure between the needle and the PDMS ensures a tight connection up to a fluid 
pressure of about 100 kPa to 700 kPa. The drawbacks of this connection type are the less 
accurate alignment of the punched through holes and the comparably low mechanical durability 
due to the low mechanical strength of PDMS. More advanced solutions use for example O rings 
embedded in a PMMA layer. Rigid tubes slightly larger than the inner diameter of the O rings can 
be stuck through them, achieving a tight seal (Perozziello 2006). Methods like this allow 
repeated plugging and unplugging in an easy way. This connection type requires a more precise 
manufacturing and assembly than the previous one, but it can be employed in designs with 
reactors fixed in to a docking station, where the tubes can be rigidly mounted on the 
holder (Schäpper et al. 2009). This solution allows an easier handling but is less flexible, since it 
needs reactors with a defined layout of the connections and fixed outer dimensions.  
The aforementioned approaches work well, especially under laboratory conditions. They are 
seldom applicable to low-cost single use devices because of the need for the integration of 
additional components as gaskets (Schäpper et al. 2009). A clamping system for microfluidic 
devices, which allows a fast and uncomplicated handling of fluidic and electric connections, has 
been presented by (Kortmann et al. 2009). Spring loaded cylinders equipped with O-rings are 
pressed to the chip surface with a defined force (figure 2.17). The pitch of the connections is 
approximately 8.3 mm. The performance has been demonstrated with a six port glass chip. A 
leakage free seal is attained up to a pressure of about 2.1 MPa. Since all sealing components are 
integrated in the docking station, the chip can remain simple, which is especially favorable for 
disposable devices. 
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Figure 2.17. Interface to microfluidic devices based on spring loaded tubings (Kortmann et al. 
2009). O-rings seal the contact area between the tubing and the microfluidic device. The 
interface is able to transfer fluid pressures of up to 2.07 MPa. 
Sensing and control of fermentation parameters 
Reasonable results can only be obtained with accurate and robust sensing technologies. Control 
over parameters as temperature, pH, DO and OD are a prerequisite for reproducible 
fermentations (Schäpper et al. 2009). Therefore, these parameters are the most commonly 
addressed in the field of microbioreactors and approaches for sensing and control are shown in 
the following three sections.  
Temperature 
In microbioreactors, temperature is typically measured by temperature dependent resistors as 
Pt 100 or Pt 1000 sensors (Lee et al. 2006; Maharbiz et al. 2004). Thermocouples are integrated 
in measurement setups, but are used less frequently (Szita et al. 2005; Zanzotto et al. 2004). 
Since temperature dependent resistors are produced in bulk quantities, they are very cheap and 
available in relatively small sizes, which facilitates the integration into 
microbioreactors (Krommenhoek et al. 2007). They are accurate enough for monitoring 
fermentations and operate reliably for long periods of time (Krommenhoek et al. 2008; Schäpper 
et al. 2009). Temperature dependent resistors have been integrated for an individual 
temperature measurement and control in microreactor arrays (Krommenhoek et al. 2008; 
Maharbiz et al. 2004). This setup requires the temperature sensors to be positioned close to or 
in the reaction chamber (Schäpper et al. 2009). However, in several other setups the 
temperature measurement is carried out indirectly. Lee et al. integrated a temperature sensor in 
the base plate that carries the microbioreactor, relying on conductive heat transfer with low 
temperature gradients. Another approach measures the temperature of the circulating water 
used for heating the microbioreactor itself or the surrounding incubator (Boccazzi et al. 2006; 
Szita et al. 2005; Zanzotto et al. 2004; Zhang et al. 2006).  
While temperature measurement is comparably easy in microbioreactors, temperature control 
is more complicated compared to large scale fermenters due to the high ratio of surface area to 
reaction volume (S/V), as Schäpper et al. derived in the following estimation: The S/V ratio of a 
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conventional reactor with a volume of 5 l and a height to diameter ratio of 2 is approximately 
34.0 m-1. In contrast, the S/V ratio of a cavity in a 48 well MTP filled with 500 µl culture medium 
is approximately 784 m-1. The large S/V ratio leads to significant heat exchange. This implies that 
heat transfer in microbioreactor systems is extensive and rapid compared to conventional 
systems. Therefore, in micro-scale systems, tempered chambers are favored to active heating 
elements, especially if all reactors can be run at the same temperature (Schäpper et al. 2009). If 
an integrated and individual temperature control is required, the formation of temperature 
gradients has to be taken into account, since common materials for microbioreactors as PMMA 
or PDMS have low thermal conductivities of about 0.2 W (K m)-1 and 0.17 W (K m)-1, respectively.  
Individual temperature control is mainly achieved either by electrical heating based on printed 
circuit boards that form the basis of the reactor (Krommenhoek et al. 2008; Maharbiz et al. 
2004) or by electrical or fluidic heating in a docking station (Szita et al. 2005; Zanzotto et al. 
2004). Running microbioreactors in tempered chambers involves less technical effort. The 
easiest way is to conduct the experiment in a temperature controlled room or in an 
incubator (Vervliet-Scheebaum et al. 2008). An additional advantage of incubators or enclosed 
chambers is the possibility to control the humidity and the gas composition. A high humidity 
reduces the evaporation and for example an increased oxygen concentration can improve the 
oxygen supply of the cultures. The only drawback of this method is that it is not feasible for the 
parallel operation of microbioreactors at different operating temperatures, such as screening of 
a strain for the optimal growth temperature (Schäpper et al. 2009).  
Measurement of pH 
Standard pH probes are too bulky and are thus not feasible for the use in microbioreactors and 
are rather used in milliliter scale or larger reactors (Elmahdi et al. 2003; Schäpper et al. 2009). In 
microbioreactors, the most frequently used pH sensors are optical sensors based on fluorescent 
sensor spots (Zanzotto et al. 2004), referred to as optodes (PreSens 2010). Ion sensitive field 
effect transistors (ISFET) are also used as pH sensors in microbioreactors (Krommenhoek et al. 
2008; Maharbiz et al. 2004). Optodes are often used because they are easy to apply and are 
compatible with biochemical reactions (Boccazzi et al. 2006; John et al. 2003a; Szita et al. 2005). 
Since optodes do not require any electrical circuits or reference elements and are relatively 
cheap (approx. 15 € per piece), they are well suited for disposable microbioreactors (Schäpper et 
al. 2009; Zanzotto et al. 2004). The most commonly applied measurement principle using 
optodes is dual lifetime referencing (DLR) (for details see chapter 2.4). The number of 
measurements per optode is limited due to bleaching. But in single use reactors, lifetime is 
typically no constraint, as the fermentations usually do not run longer than one week and the 
reactor’s housing shields the ambient light, while the excitation light source is pulsed (Schäpper 
et al. 2009). The measurement range of most optodes is between pH 4 and pH 9, and the 
measurement accuracy is typically 0.01 pH units with a response time t90 of less than 30 s (time 
required to adapt to 90% of the final difference after a stepwise change in pH) (PreSens 2010). 
Furthermore, the operating temperature for optodes ranges between 0°C to 50°C. In contrast, 
ISFET sensors provide wider measurement ranges (typically from pH 2 to 12), a linear response 
and an accuracy of about 0.01 pH units with a response time t90 of less than a 
second (Krommenhoek et al. 2007; Schäpper et al. 2009). The main disadvantage of ISFET 
sensors is the need for a reference electrode, which, depending on the electrode material, can 
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affect the cultivated microorganisms (Schäpper et al. 2009). Despite some limitations, both 
sensors provide rapid and precise pH measurements in microbioreactors during complete 
fermentations processes (Boccazzi et al. 2006; John et al. 2003a; Krommenhoek et al. 2008; Lee 
et al. 2006; Maharbiz et al. 2004; PreSens 2010; Szita et al. 2005; Zanzotto et al. 2004; Zhang et 
al. 2006). Therefore, real-time pH measurements in microbioreactors have already been realized 
and provide the same level of performance as in large scale reactors (Schäpper et al. 2009).   
Although reliable pH sensors for microbioreactors exist, pH control is still in the development 
phase (Schäpper et al. 2009). Approaches to control the pH in microbioreactors during 
fermentations rely on either a buffered system (Boccazzi et al. 2006; Szita et al. 2005; Zanzotto 
et al. 2004; Zhang et al. 2006) or an intermittently injecting acid or base (Krommenhoek et al. 
2008; Lee et al. 2006). The use of buffered media to control the pH of microbial cultures is 
common. However, buffered systems are not always sufficient to maintain a constant pH level, 
because pH buffers have a limited capacity and can only compensate a certain amount of ions 
before losing their resistance to pH changes (Schäpper et al. 2009). This effect occurs during the 
fermentation of E. coli in the microbioreactor of Zanzotto et al., as the pH drops by 
approximately two pH units, because of the production of acid metabolites (Zanzotto et al. 
2004). In continuous culture reactors, the capacity of a buffer can be sufficient to maintain the 
pH at an almost constant level. Wu et al. showed that continuous feeding of a buffered culture 
medium was adequate to maintain the pH in the reactor within ±0.02 pH units in a perfusion 
reactor system (Wu et al. 2008). A similar effect could be achievable in continuous culture 
microbioreactors, if the buffer concentration is chosen sufficiently high (Schäpper et al. 2009).  
Intermittently injected acid and base represent a direct transfer of a pH control method from 
large scale reactors (Schäpper et al. 2009). In microbioreactors, intermittent injection of base 
solution has been applied to compensate the decrease of pH caused by the metabolism of the 
microorganisms (Lee et al. 2006; Zhang et al. 2007). In the microbioreactor of Lee et al., the 
highest cell densities in cultivations of E. coli in a modified LB medium (lysogeni broth) were 
obtained, if the pH is controlled with 2.4 M ammonia hydroxide (Lee et al. 2006). The dispensing 
of acid was in this case set aside and both reservoirs of about 18 µl each were used for the 
dispensing of base to the reaction chamber of 100 µl. Ammonia solutions of higher 
concentrations led to a degradation of the PDMS. However, in microbioreactors with reaction 
chambers containing a fixed volume, the addition of acid or base is limited because of displacing 
parts the culture medium out of the reactor. In reactors with open chambers, the added fluid 
accumulates and dilutes the culture medium, which leads to uncertainties in concentration 
measurements (Schäpper et al. 2009). Therefore, high concentrations of acid and base should be 
preferred.  
Another approach is the supply with pH influencing gases (Isett et al. 2007). Its feasibility has 
been proven and it is implemented in a commercially available system (Applikon Biotechnology 
2010). The miniaturized bioreactor is based on a 24 well MTP with a reaction volume of 4 ml to 
6 ml. The pH is controlled by sparging gaseous ammonia or carbon dioxide through a gas 
permeable membrane, which is integrated in the bottom of the reactor. Thereby, an individual 
pH control is achieved.  
Maharbiz et al. developed an electrolytic gas generation, where carbon dioxide gas can be 
precisely dosed from a chamber underneath the reactor chamber through a thin PDMS 
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membrane (figure 2.12). As each reactor is equipped with one gas generation chamber, only one 
gas for either increasing or reducing the pH can be provided. The influence of the CO2 supply for 
pH control has still to be examined in micro scale fermentation experiments (Schäpper et al. 
2009). Isett et al. demonstrated that the pH of a Saccharomyces cerevisiae fermentation can be 
controlled by dosing CO2 gas and NH3 vapor in an Applikon µ-24 miniature reactor (Applikon 
Biotechnology 2010; Isett et al. 2007). However, this method needs further improvement, as the 
reactor had poor mixing characteristics (Schäpper et al. 2009). Additionally the response time 
with respect to pH control was rather slow, since it took several hours for the pH to return back 
to its desired set point. Both approaches of Maharbiz et al. and De Jong et al. still have to be 
optimized, they have shown the potential of an active pH control by introducing gases through a 
membrane in microbioreactors (Schäpper et al. 2009).  
Measurement of biomass concentration 
In microbioreactors the cell density during fermentation experiments is usually monitored 
optically by measuring the absorbance according to Beer-Lamberts law (Schäpper et al. 2009). 
The measurement signal is then correlated to either the dry cell weight (DCW) or the optical 
density (OD). In MTPs, the development of biomass concentration has been measured in real 
time (Samorski et al. 2005). An online monitoring of the biomass development is necessary 
because sampling and offline analysis are often not possible in microbioreactors and analytical 
methods other than optical density (OD) measurements, for example impedance spectroscopy, 
are more difficult to apply (Schäpper et al. 2009).  
In most cases, the measurement relies on external optical guiding and measurement equipment. 
The light of light-emitting diodes (LED) is then coupled into the microbioreactor and the intensity 
of transmitted or backscattered light is again analyzed externally by a photodetector (Boccazzi et 
al. 2006; Lee et al. 2006; Maharbiz et al. 2004; Szita et al. 2005; Zanzotto et al. 2004; Zhang et al. 
2006). Wavelengths of about 600 nm have been typically used for E. coli and S. 
cerevisiae (Schäpper et al. 2009). Many recently developed microbioreactors apply this 
measurement principle by illuminating the top or the bottom of a flat reaction chamber and 
collecting the light on the opposite side. Since most microbioreactors are designed to have a 
reaction chamber with fixed dimensions, the path length is constant with a usual range from 
0.3 mm to 2 mm (Schäpper et al. 2009).  
The OD measurements have been successfully applied in microbioreactors with turbid 
cultures (Schäpper et al. 2009). But gas bubbles resulting from insufficient mixing can interfere 
with this measurement principle (Maharbiz et al. 2004; Schäpper et al. 2009).  
Additionally, biomass concentrations can be determined by impedance spectroscopy, which is 
commonly used in large scale reactors. The impedance spectroscopy evaluates the complex 
conductivity as a function of the frequency. Since only cells with intact membranes can be 
polarized in electrical fields and can thus contribute to the imaginary part of the conductivity, 
this method is able to measure the concentration of live cells (Schäpper et al. 2009). Impedance 
spectroscopy has been applied to MTPs for monitoring fermentation processes (Hofmann et al. 
2007; Krommenhoek et al. 2008).  
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Dissolved oxygen control 
The dissolved oxygen concentration (DO) is a critical parameter in fermentations of aerobic 
microbioreactors. Here, oxygen limitation has to be avoided in order to prevent undefined 
fermentation conditions (Büchs 2001). The online monitoring of DO is therefore required in 
order to efficiently control the oxygen transfer to the culture medium and to verify the 
experimental results. The availability of real-time data of DO would allow for a closed loop 
control of oxygen transfer. Applicable control mechanisms are changing the oxygen composition 
in the aeration gas or modulating the fluid agitation and thereby controlling the mass transfer.   
In microbioreactors, DO is typically measured optically using optodes (Boccazzi et al. 2006; Szita 
et al. 2005; Zanzotto et al. 2004). The measurement principle corresponds to the fluorescence 
based dual lifetime referencing (DLR) measurements of pH (see chapter 2.4). The accuracy in 
physiological solutions is approximately ± 0.4% at a DO of 0.21% and ± 1.0% at a DO of 
20.9% (PreSens 2010). As the optodes for pH measurement, they are available in small sizes and 
are easy to integrate in microbioreactors, insensitive to ambient light, relatively cheap and 
sufficiently chemically stable (Schäpper et al. 2009).  
An electrochemical sensor array for the measurement of the oxygen concentration, the ultra-
microelectrode array (UMEA), has been described in (Krommenhoek et al. 2008). As an 
amperometric sensor, the UMEA measures DO based on the electrochemical reduction of 
oxygen similar to Clark electrodes (Schäpper et al. 2009). Krommenhoek et al. integrated this 
type of sensor to a multi sensor chip that forms the bottom of 96 well MTPs and is applied for 
DO measurements as well as for pH and biomass concentration (Krommenhoek et al. 2008).  
Microbioreactors employed in fermentation experiments 
The bioreactors described in (Isett et al. 2007; Krommenhoek et al. 2008; Lee et al. 2006; 
Maharbiz et al. 2004; Zhang et al. 2007) have been used in fermentations of aerobic 
microorganisms. In most studies, the results could be scaled to batch cultivations in stirred tank 
reactors. The correlations were rated with respect to biomass development or protein 
production.  
For instance Islam et al. compared the oxygen mass transfer coefficients in five different 
reaction volumes ranging 3 ml in MTPs to 75 l stirred tank reactors and then performed 
fermentations of E. coli in terrific broth (TB) medium at matching kLa values (Islam et al. 2008). 
For a kLa of 247 h
-1, they report similar fermentation courses and yields for all regarded scales. 
These comparisons with bench-scale reactors have shown that fermentations in 
microbioreactors can be carried out under conditions, which are fully comparable to large scale 
fermentations. However, the ability to control fermentation processes is still limited, since these 
devices are only applicable to batch processes. But at least closed loop controls for pH and DO 
have been integrated in microbioreactors. Lee et al. and Maharbiz et al. demonstrated the 
applicability of control techniques for these parameters in fermentation experiments.  
Although fermentations in different scales are comparable, it is difficult to compare the 
performance of the different microbioreactor concepts. In studies of scalability, the organisms, 
media and oxygen transfer parameters were kept constant and thus allowed to compare the 
results obtained. But the studies of the different microbioreactor were almost always carried out 
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under different conditions. Most studies used E. coli, but cultivated in different media as LB, TB 
or variations of these. In combination with varying kLa, large variations in OD were found. For 
instance in the cultivation experiment of Maharbiz et al. the lowest OD of 2.5 is achieved, 
despite of the second highest kLa of 150 h
-1 among the microbioreactors listed in table 2.1. The 
microbioreactors of Szita et al. and Zanzotto et al. yield an OD of 6 and 8, respectively, with 
significant lower kLa of 75 h
-1 and 60 h-1. The microbioreactor of Lee et al. reaches by far the 
highest OD of 40, which is on the one hand enabled by the highest kLa of 360 h
-1 and a higher 
concentrated medium on the other hand. The large variation caused by the individual 
fermentation parameters makes it difficult to compare for instance different control strategies 
of pH. Those comparisons require direct reference cultivations either in the same 
microbioreactor or in an identical device.  
Objectives for microbioreactor development 
The microbioreactors listed in table 2.1 have been successfully applied in fermentations of 
microorganisms under controlled temperature, pH and DO. The corresponding results show that 
the development of online monitoring technologies has made substantial progress. The optical 
measurements have been proven to be capable of monitoring small cultures in real-time 
enabling closed loop controls of pH and DO. This applies especially to the fluorescence based 
measurements, but also to electrical measurements as impedance spectroscopy.  
But in contrast, the development of process control has proceeded slower, as microbioreactors 
are up to now restricted to batch processes and fluids have only been supplied for the control of 
pH. The microbioreactor of Lee et al. is capable of dispensing two different pH control media. 
However, in fermentations only ammonia hydroxide as a base was used. A pH control with both 
acid and base in order to correct pH deviation in both directions of the set point has not been 
demonstrated yet.  
A higher relevance of fermentation experiments can only be achieved in fed-batch experiments 
(Schäpper et al. 2009). The implementation of fed-batch processes requires the handling of 
highly viscous fluids, such as glucose or glycerol solutions, which has not been addressed so far. 
The controlled dispensing of substrates allows for sophisticated feeding profiles or for feeding 
strategies responding to the measured oxygen concentration.  
During the development of additional control loops, it should be considered that an increase in 
complexity of micro-scale fermentation devices has to be kept within limits (Schäpper et al. 
2009). Otherwise, their suitability for single use could be limited. In order to design the 
microbioreactors cheap enough to serve as disposable devices, unnecessary features should be 
excluded. Devices for the actuation of microfluidic valves as well as measurement systems 
should be part of the external hardware. Thereby, the costs for components and assembly of the 
reactor and thus the cost per fermentation can be minimized (Kostov et al. 2001). 
Since optical measurement technologies are available for monitoring of the most important 
process parameters pH, DO and OD, microbioreactors can be fabricated almost entirely of 
polymers. Without the need for integrating metallizations or even microelectronic components, 
established and cost efficient large scale production technologies as injection molding are 
applicable. This requires the development of suitable fluid handling devices, which on the one 
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hand are able to precisely dose fluids with a large range of viscosities individually to the wells 
and on the other hand can be fabricated in high integration densities.  
In order to be useful in high throughput experiments, the parallelization has to be increased to a 
level, which is comparable to standard MTPs. The microbioreactors described above 
incorporated one, four or eight wells. Due to the small footprint, several microbioreactors can 
be operated in parallel. To ensure a simple, fast and efficient handling, the required 
functionalities and interfaces should be concentrated in one microbioreactor, which is placed in 
a docking station that carries the monitoring and actuating peripheral devices. A parallelization 
of reactors is supported by the integration of active microfluidic components, as they can be 
embedded with established production processes in large numbers and thus can form complex 
networks for fluidic control. The need for a high parallelization and for complex microfluidic 
networks requires the access of several, for instance pneumatic, actuation lines to the 
microbioreactors. This can only be addressed with respect to a user-friendly handling by defined 
interfaces. Microfluidic interfaces based on spring loaded contacts have been already proven to 
be effective. But for the application in microbioreactors, the interfaces have to be designed in a 
way that they do not interfere with the monitoring and agitation devices.  
The main tasks for developing microbioreactors to become generally accepted have thus to fulfill 
the following five requirements: 1) design of cheap single use reactors made of thermoplastic 
polymers that are suitable for mass production processes as injection molding or hot embossing, 
because especially PDMS provides its advantages in small rather than large scale 
production (Becker & Gärtner 2008), 2) the development of microfluidic devices for a controlled 
substrate feeding enabling fed-batch process in micro-scale, 3) increased parallelization of 
experiments with an individual control of process parameters, 4) reduced effort for setting up 
experiments and offering the potential for automation with existing workstations for liquid 
handling and 5) comparability of results between microbioreactors and industrial scale 
fermenters. 
2.4 Optical measurement technology 
Optical measurements are a key technology for highly parallelized disposable microbioreactors. 
They can replace electrical measurements and thereby make integrated metallizations 
unnecessary and reduce the required effort of production and assembly. In (Samorski et al. 
2005) an online monitoring system for 96 well MTPs has been described. The system moves an 
optic fiber bundle sequentially below the wells of the MTP by an x-y-positioning stage 
(figure 2.18). The fiber bundle is split and one part is connected to the light source, while the 
other part is connected to the detector of a commercially available fluorescence reader 
(Fluostar, BMG Lab Technologies or pH-mini, PreSens). The reader can be equipped with up to 
eight excitation and emission filters, respectively. The fluorescence detector is used to detect 
both fluorescence and scattered light intensities. The numerical aperture of the fibers of 0.22 is 
sufficiently low to allow only a small beam spread angle, which in turn ensures to illuminate just 
the concerning well and not the surrounding ones. The positioning stage is not connected to the 
shaker plate and is thus not shaken. Therefore, the wells perform a circular motion relative to 
the fiber bundle. In order to prevent illuminating neighboring wells, the sum of shaking diameter 
and the diameter of illumination has to be smaller than the well diameter. By illuminating the 
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cultures subsequently with light of different wavelength and analyzing the backscattered or 
fluorescent light, the system allows to derive the concentrations of biomass and the 
concentrations of fluorescent molecules as nicotinamide adenine dinucleotide hydride (NADH) 
or yellow fluorescent protein (YFP). During the measurements, the shaking can be continued. 
Thus, a continuous oxygen supply is guaranteed, reducing the probability of oxygen limitations.  
Transmission based OD measurements as an alternative to scattered light measurements are 
more difficult to implement. In larger reaction chambers, as for example in MTPs, the optical 
path length becomes too large for transmission measurements, because the optical penetration 
depth in cell suspensions can be reduced to less than 0.5 mm (Samorski et al. 2005). 
Furthermore, the transmission measurements cannot be conducted vertically along the well 
axis, as the filling level of the wells is often unknown and gas permeable membranes would have 
to be removed.  
In contrast, the illumination of the transparent bottom of the well is sufficient for scattered light 
measurements. And since the scattered light is measured on the same axis as the illumination, 
only one optic fiber bundle is required. Because all devices, which are needed for the 
measurements, are located beneath the MTP, the room above the MTP is available for 
automated fluid handling systems. An additional advantage of the scattered light measurements 
in contrast to transmission measurements is that usually a linear correlation exists between the 
scattered light intensity and the biomass concentration.  
Cross talk between neighboring wells is ruled out by using MTPs made of black dyed PS. The 
optical fibers are oriented in an angle of 23° to surface normal of the well bottom. This prevents 
that reflected light is coupled back into the fiber. For scattered light measurements, an 
excitation filter of 620 nm is used, while in this case a detection filter is omitted. The light source 
is a flash lamp, which is integrated in the fluorescence reader. One measurement consists of 
200 flashes with a duration of 4 µs each. The flashes are triggered with a frequency of 50 Hz. The 
result of a single measurement is the averaged intensity of the 200 flashes. The scattered light 
intensity depends on various factors as type of MTP, amplification of the signal or 
autofluorescence of the culture medium. As these parameters vary over different experiments, 
either calibration is required or the evaluation is restricted to relative changes in the course of 
the experiments.  
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Figure 2.18. Schematic representation of the optical measurement setup according 
to (Samorski et al. 2005). The micro-bioreactor is mounted on a shaker plate. Below the wells 
a positioning device moves an optic fiber bundle which guides the fluorescence light to the 
spectrometer. 
In (Kensy et al. 2005a) the measurement of pH and DO in shaken 24 well MTPs with a similar 
concept to the system above has been described. In this case the MTP is fixed in a reader that in 
turn is placed on a shaker plate. As in Samorski et al. this configuration allows a continuous 
readout, while the MTP is shaken. Similar to (John et al. 2003a; John et al. 2003b; Kumar et al. 
2004), this approach employs fluorescent spots attached to the bottom of the wells. 
Fluorescence based measurements can be based either on the fluorescence intensity or on the 
fluorescence lifetime. The latter is the most widely spread measurement principle, since 
variations of intensity do not affect the measurement accuracy. The fluorescence lifetime can be 
evaluated either by the phase shift between excitation and fluorescence or by evaluating the 
delay time. For the evaluation of the delay time, the corresponding optodes are a composition of 
one inert fluorophore and one sensitive fluorophore, whose fluorescence lifetime depends on 
pH or DO, respectively. The inert fluorophore serves as an intrinsic reference that allows the 
evaluation of the delay time between both fluorescence signals during a periodical excitation of 
the optode. This method is referred to as dual lifetime referencing (DLR) (Huber et al. 2000). 
These optodes are made commercially available by PreSens GmbH (Regensburg) as well as the 
corresponding read out units, which mainly consist of a light emitting diode as excitation light 
source, a photo diode as detector and optical emission and excitation filters. Optode based pH 
measurements typically offer a measurement range from pH 5.5 to 8.5. The accuracy is ± 0.05 
pH units at pH 7. The optode based DO measurements range from oxygen partial pressures of 
0 hPa to 1000 hPa (corresponding to 0% and 100%, respectively). At a DO of 21%, which 
corresponds to the saturation value with ambient air, the accuracy is ± 0.4%. All data are based 
on (PreSens 2010). In (Kensy et al. 2009), the three optical measurement methods optode based 
pH measurement, optode based DO measurement and scattered light measurement have been 
integrated in one experimental setup. The optical online monitoring was applied for studies of 
the scale up of fermentations in 96 well MTPs to bench-scale fermenters  
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2.5 Microfluidic valves and pumps 
Microfluidic valves and pumps are essential components for the realization of integrated micro-
scale analysis systems. They have been developed to handle chemical or biological fluids in 
volumes ranging from a few nanoliters to several microliters. The development of microfluidic 
devices deals with collecting biological samples, trapping, sorting or separating cells as well as 
with metering defined amounts of fluid for chemical reactions. Microfluidic devices with 
integrated fluid handling offer several benefits in chemical or biological applications. The 
reduced sample and reagent volumes can reduce the overall costs compared to experiments in 
standard vessels, especially when handling expensive chemicals or biological samples, such as 
rare antibodies. Microfluidic devices are often designed as disposable devices, which facilitates 
sterile handling. Since microfluidic devices usually have enclosed reaction chambers, the 
samples are protected from the environment and the operator is protected from exposure to 
potentially harmful chemicals. The small footprint of valves and pumps in combination with a 
fabrication based on replication techniques enables high integration densities, which in turn 
allows the integration of different functions in a single device. The integrated fluid handling 
renders automated processes possible, which eliminate the need for human intervention and 
the possibility for operator errors.  
Although microvalves and pumps have been studied extensively, several approaches to 
miniaturization and commercialization of fully integrated microfluidic systems have been 
delayed due to the lack of reliable microfluidic components (Oh & Ahn 2006). The aim of further 
developments of valves and pumps is to fabricate them in large quantities and high densities 
with production processes that are as efficient as possible, while assuring high precision and 
reliability. These are prerequisites for an emerging use of microfluidic devices in complex 
applications. Recent developments in the field of microvalves and pumps have been reviewed in 
(Iverson & Garimella 2008; Laser & Santiago 2004; Melin & Quake 2007; Nguyen et al. 2002; Oh 
& Ahn 2006). 
Passive valves are mostly designed as check valves with deflectable membranes, flaps or moving 
structures. Early microfluidic valves have been fabricated in silicon by bulk micromachining 
techniques (Zengerle & Richter 1994). The silicon membrane is able to deflect due to the fluid 
pressure and thereby either closes or opens a gap above the valve seat (figure 2.19 a). An 
example of passive valves realized in PDMS has been presented in (Jeon et al. 2002). This valve 
incorporates at least two layers: one layer carries the fluid channels and a second layer forms a 
perforated membrane (figure 2.19 b). Due to a simple fabrication process, allowing high 
densities of integration, these passive valves are in general suitable for the use in 
microbioreactors.  
Other approaches of passive valves employ direction dependent flow resistances as in 
diffuser/nozzle valves (Stemme & Stemme 1993) or capillary effects as in hydrophobic 
stops (Feng et al. 2003). Tesla valves offer the advantage that the valves are unlikely to be 
blocked by particles or contaminations, but the valve efficiency is low due to the resulting 
leakage flow. Hydrophobic stops are mainly used to block a flow, until a certain pressure 
difference is reached and are therefore not intended for repeated use during one experiment 
(Haeberle et al. 2006).  
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Figure 2.19. a) Cross section through flap valve fabricated in silicon using bulk micromachinig 
processes (Zengerle & Richter 1994). b) Closed state, open state and top view of a PDMS flap 
valve described in (Jeon et al. 2002). 
The most common micropumps, the diaphragm pumps, profit from the multitude of valves, 
which are available for the use as inlet or outlet valves. The prevailing actuation principles of 
pump chamber membranes are piezoelectric, electrostatic, electromagnetic, thermopneumatic 
or pneumatic actuations (Nguyen et al. 2002). Alternative approaches, as electrohydrodynamic 
and electroosmotic pumps, are not considered in this work, because they are hardly applicable 
for the metering of fluids.  
The first designs of diaphragm displacement pumps have been fabricated in silicon by 
anisotropic etching and wafer bonding. As illustrated by the device of Zengerle et al., three 
silicon wafers are independently structured in anisotropic etching processes. After that, the 
wafers are bonded, whereby inlet valve, pump chamber membrane and outlet valve are formed 
(figure 2.20). 
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Figure 2.20. Electrostatically driven micropump fabricated by silicon bulk 
micromachining (Zengerle et al. 1992). 
The valves are usually designed as flap valves and the membrane is mostly actuated by 
electrostatic or piezoelectric means. The same principle of pumps fabricated in thermoplastic 
polymers is already made commercially available. Micropumps that follow this concept have at 
least one of the following disadvantages, which make them unsuitable for the use in 
microbioreactors: either their fabrication involves silicon based cleanroom processes or the 
actuation requires additional metallizations and non-polymer actuator materials, which, in 
addition, involve a high amount of manual assembly or require a large base area.  
In the field of microbioreactors, polymer valves without the need for metallization are more 
suitable. Thus, the valves described in (Unger et al. 2000), (Hosokawa & Maeda 2000) and 
(Inman et al. 2007) represent more promising approaches for this field of application. All three 
types of valves are actuated by externally controlled pneumatic pressure or vacuum. The valves 
of Unger et al. and Hosokawa and Maeda are realized in PDMS, the valves of Inman et al. are 
integrated in PMMA layers with a polyurethane membrane (figures 2.21, 2.22 and 2.23, 
respectively). The valves of Unger et al. are formed at the intersection of a fluid channel and a 
pneumatic channel, which are separated by a PDMS membrane. The fluid channel has a rounded 
cross section, which collapses, if an increased pressure is applied in the pneumatic channel. This 
type of valves is typically operated at pneumatic pressures of 60 kPa. Valves with channel widths 
of 100 µm and channel heights of 10 µm have dead volumes of approximately 100 pl and are 
able to control fluid flows of 2.5 nl s-1, when arranged in peristaltic pumps. This pump rate 
corresponds to an effective pump volume of 31 pl per pump stroke. Despite the high accuracy 
these pumps offer, the volume flow is too low for the supply with substrates in MTP based 
microbioreactors. Here, a few hundred nanoliters have to be supplied to all wells within intervals 
of 5 min or less. Furthermore, the valves are a normally open type, which makes the filling of 
wells and reservoirs more complicated while setting up the experiment. The valves have to 
remain pressurized during the preparation in order to prevent contaminations and unintended 
flow. 
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Figure 2.21. Three PDMS based valves along a fluid channel (Unger et al. 2000). By applying an 
increased pneumatic pressure to a control channel, the PDMS deforms and the fluid channel 
collapses due to the small vertical gap of 30 µm. The dead volume of approximately 100 pl 
allows for the setup of peristaltic pumps, which provide volume flows of up to 2.5 nl s
-1
.  
The valves of Hosokawa and Maeda consist of three layers: a fluid layer, a membrane and a 
pneumatic layer (figure 2.22 a). The fluid layer carries a channel, which is interrupted by a step. 
The fluid channels are sealed by a PDMS membrane that is bonded to the control layer. As the 
membrane is just placed on the fluid layer without bonding, the fluid and control lines are 
preferably operated by vacuum. Thus, the fluid reservoir is at ambient pressure, while the fluid 
outlet is at -20 kPa (figure 2.22 b). If the control line is at ambient pressure, the membrane is 
pressed to the valve seat and thereby seals the channel. By reducing the control pressure to -
60 kPa, the fluid pressure is able to deflect the membrane in to the valve chamber and allows a 
flow over the step. This valve is normally closed and has dead volume of approximately 6.3 nl.  
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Figure 2.22. a) Schematic cross section of PDMS based valve described in (Hosokawa & Maeda 
2000). A high pressure in the valve chamber presses the membrane to the valve step and 
thereby closes the valve. A low pressure in the valve chamber allows the fluid to deflect the 
membrane and to flow across the step into the second part of the channel. b) Top view 
showing three valves. The fluid inlets are at ambient pressure (0 kPa), the pressure at the fluid 
outlet is reduced by 20 kPa. The valves remain closed at ambient pressure and are opened by a 
control pressure of – 60 kPa.  
The valve described by Inman et al. is similar to that of Hosokawa and Maeda (figure 2.23). The 
fluid channels, pump chambers and pneumatic connections are fabricated in PMMA by milling. 
The fluid channels are approximately 400 µm wide and 400 µm deep. A polyurethane membrane 
with a thickness of 25 µm is clamped between the two PMMA layers by a screwed fastening. The 
pump chamber provides a volume of approximately 0.92 µl and consequently the stroke volume 
of the pump has been determined to be in the same magnitude. The pump is typically operated 
at pneumatic pressures of 40 kPa, while the fluid reservoir is set to a pressure of 20 kPa. The 
maximum flow rate of 5 ml min-1 against a pressure head of zero is obtained at a pump 
frequency of 85 Hz.  
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Figure 2.23. Pneumatically actuated micropump with active valves (Inman et al. 2007). The 
device is fabricated by milling in PMMA and uses a polyurethane membrane.  
The ideal micropump for the metering of feeding solutions would thus consist of a pneumatically 
actuated pump chamber and of inlet and outlet valves based on the principle of Hosokawa and 
Maeda. This valve type has three major advantages for our MTP based microbioreactors: 1) the 
valves are normally closed, 2) they can be entirely fabricated in polymers and 3) they require 
smaller deflections of the membrane than the valves of Unger et al. The smaller deflections 
facilitate a transfer from PDMS to thermoplastic materials, which are the ideal material for 
disposable devices. In contrast, the valve of Unger et al. fully relies on the high deformability and 
the low elastic modulus of PDMS. The design of Hosokawa’s valve is limited, in that their 
membrane is only attached to the fluid layer. In order to operate this valve type at elevated 
pressure instead of vacuum, the development of a fabrication process is required, during which 
all layers are irreversibly bonded.   
2.6 Requirements on microbioreactors 
The literature shows several deficits of current microbioreactors. The most import limitation is 
the lack of fed-batch processes. Even in the scale of several milliliters, substrates for feeding are 
supplied either by pipetting robots or by other external dispensing devices as piston pumps and 
fluidic valves. These methods require interrupting the shaking, removing a sterile barrier during 
the supply or cleaning and sterilizing the external fluid handling devices. Miniaturized 
fermentation systems for fed-batch processes with a high degree of parallelization have so far 
only been realized with discrete reactors that incorporate complex stirring and aeration. Again, 
these devices are too complex for the use as disposables. In general, concepts for disposable 
micro-scale bioreactors allowing fed-batch fermentations have not been developed yet. In 
addition, concepts for an automated handling of microbioreactors and for interfaces to control 
hardware, which are able to deal with the high integration density, have not been proposed.  
Furthermore, the fluid handling in microbioreactors is poorly developed, especially in MTP based 
devices. While in PDMS based microbioreactors the pumping of media for pH control has been 
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realized, in MTP based reactors the pH control relies on the integrated generation or the 
external supply with gases. This approach offers only a limited comparability to large scale 
processes, because they mainly employ fluids for pH control. Additionally, the handling of highly 
viscous substrates has not been demonstrated in microbioreactors so far.  
Although MTPs are an established standard for high-throughput experimentation, they are 
hardly used as basis for microbioreactors. Thus, their benefits as existing non invasive online 
monitoring techniques for almost all relevant process parameters, well-known gas transfer 
characteristics in shaken operation and proven comparability with large scale processes have not 
been capitalized so far. Since MTPs represent an ideal basis for microbioreactors, the aim of this 
work is to equip them with microfluidic devices, which allow fed-batch process in a high degree 
of parallelization at a high flexibility in experimental design. Such microbioreactors will speed up 
the development of fermentation processes by achieving a high throughput under highly 
application relevant conditions during early design phases.  
The objectives for the development of the MTP based microfermentation system are derived 
from fed-batch processes in bench-scale reactors as well as from processes in MTPs. The single 
requirements are summarized in table 2.2. In order to provide a sufficiently large volume for 
offline analysis following the fermentation experiments, 48 well MTPs are chosen as the 
development platform. The microbioreactors should offer at least 16 wells with an individual 
supply of two fluids to each well, in order to attain the required degree of parallelization and 
flexibility. 
The 48 well MTPs provide a typical reaction volume of 500 µl, which serves as the reference for 
the scaling of fluid volumes that have to be provided either for pH control or for feeding. If 
considering a minimal addition of pH control media of 10 µl to a laboratory scale fermenter with 
a volume of 1 l, the smallest fluid quantum that has to be handled by the microfluidic device is 
approximately 5 nl. Substrates for feeding, as glycerol solutions in concentrations of up to 85% 
and glucose solutions of up to 500 g l-1, have to be dosed in amounts of 100 nl to 200 nl with a 
standard deviation of 5%. These fluids have to be added in intervals of five minutes or less over a 
period of seven days. During this period, the microfluidic device has to withstand the aggressive 
pH control media as phosphoric acid (H3PO4) or sodium hydroxide (NaOH) in concentrations of 
up to 1 mol l-1 and ammonia hydroxide (NH4OH) in concentrations of up to 24%. Furthermore, 
the microbioreactor has to be operational while orbitally shaken at frequencies of at least 
1000 min-1 to ensure a sufficient oxygen supply.  
The handling of the microbioreactor must be comparable to standard MTPs to become widely 
accepted by laboratory staff. This also includes similar preparation steps for filling and 
incubation of the wells, which is usually carried out on a clean bench under sterile conditions. 
Then the microbioreactor would have to be fixed to the shaker plate and connected to the 
control lines. The microbioreactor should be equipped with a suitable interface to the external 
control to minimize the risk of operator errors while reducing the expenditure of time for 
preparation.  
Finally, the microbioreactor has to be designed with respect to a potential commercialization, 
which requires the production by cost efficient large-volume processes. The intended use of a 
commercialized product as a disposable reduces the effort for cleaning, sterilizing and 
maintenance and thus the overall cost. But it also implies that the microbioreactor should be 
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designed entirely of polymers to support a cost efficient fabrication. As a consequence, a 
pneumatic actuation of the microfluidic device is the most reasonable approach, as it allows the 
integration of precise active valves in high integration densities. In addition, the optical 
measurement technologies allow the online monitoring of the relevant process parameters 
without the need for metallizations and integration of microelectronic components.  
Table 2.2. Requirements on MTP based microbioreactor for fed-batch fermentations with 
integrated microfluidic devices for the handling of pH control media and substrates for 
feeding. 
 Parameter Specification 
1. Parallelization at least 16 wells 
2. Fluid supply individual dispensing of two fluids 
3. Smallest dispensing volume for pH control 5 nl 
4. Volume for substrate feeding 100 nl to 200 nl, standard deviation 5% 
5.  Interval of fluid supply to all wells 5 min or less 
6. Resistance to pH control media H3PO4, NaOH 1 mol l
-1, NH3 24% 
7. Pumping of highly viscous substrates glycerol up to 85%, glucose up to 
500 g l-1 
8. Shaken operation for increased oxygen transfer frequency ≥ 800 rpm, diameter 3 mm 
9. Automated connection to control lines Interface for several ten control lines 
10. Utilization of established optical online 
monitoring 
Optically transparent bottom of wells 
 
The requirements on the microbioreactor raise research issues, which have not been addressed 
so far in literature. They are related to the dispensing characteristics of the microfluidic device, 
to the controllability of fermentations in shaken MTP based microbioreactors as well as to the 
integration into online monitoring systems. These aspects are specified in the following four 
research objectives, which will be discussed in this work:  
1) The microfluidic control for MTP based microbioreactors has to be developed. At first, 
the suitability of valves comparable to those of Hosokawa and Maeda for time 
controlled dispensing has to be examined. Since only the volume flows of this valve type 
has been characterized, their applicability for the dispensing of small fluid volumes in 
the range of a few nl has not been shown so far. The time controlled dispensing of this 
valve type has to be described in a numerical model, in order to derive suitable design 
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parameters. Then, the dispensing of the small fluid volumes has to be characterized by 
suitable measurement techniques. 
2) Since MTP based microbioreactors with integrated microfluidic devices have not been 
reported in literature so far, a microbioreactor configuration has to be developed, which 
meets the requirements on parallelization and individual fluid supply. The suitability of 
this microbioreactor concept has to be evaluated in application oriented fermentation 
experiments.  
3) As each well of the microbioreactor has to be supplied individually with two fluids, the 
microfluidic devices require a large number of pneumatically actuated valves and 
pumps. The connection between the microfluidic device and the external actuation 
hardware has to be established by a pneumatic interface with a small overall height, 
which can be integrated in existing measurement systems and which enables a user-
friendly handling. This requires a novel method for establishing pneumatic 
interconnects, because a suitable interface has not yet been reported in literature. The 
pneumatic interface has to be proven under application relevant conditions. Especially 
the suitability for shaken operation has to be demonstrated.   
4) Up to now, the fluidic handling in microbioreactors is mostly provided by microfluidic 
components, which are fabricated in PDMS. Within this work it has to be proven, 
whether a microbioreactor, which meets the requirements listed above, can be made of 
rigid materials as SU 8 or thermoplastic polymers rather than PDMS. Furthermore, the 
influence of different membrane materials on the time controlled dispensing has to be 
evaluated. An important criterion is the robustness of dispensing. The level of accuracy, 
which can be obtained in feeding highly viscous substrates with integrated micropumps, 
has to be examined. An important aspect concerning the accuracy of feeding is the 
extent to which the varying viscosities of nutrient solutions can be compensated by 
integrated micropumps.  
These objectives are evaluated in the following chapters. The first objective will be addressed by 
the development and characterization of PDMS based microfluidic devices in chapter 3. The 
second objective will be evaluated by fermentation experiments in microbioreactors using PDMS 
based microfluidic devices in chapter 4. The third objective will be covered in chapter 5 
concerning the development of a pneumatic interface and its evaluation in a fermentation 
experiment. Finally, microbioreactors based on rigid material are designed, fabricated and 
characterized in chapter 6 in order to study the fourth research objective. 
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3 Design, fabrication and characterization of 
microfluidic valves 
During the first design phase, microfluidic valves with the required dispensing characteristics 
have to be developed. The smallest dispensing volume of less than 5 nl is the most challenging 
demand on the bioreactor and it influences the choice of a valve concept and geometrical 
dimensions more than any other requirement. Further demands are a simple design that 
facilitates the fabrication and a normally closed valve type to enable a handling of the 
microbioreactors comparable to MTPs. The first microfluidic devices will be fabricated in PDMS 
with soft lithographic techniques, because this method allows the rapid fabrication of 
prototypes. The microfluidic devices are then evaluated using the optical monitoring setup 
shown in figure 2.18. The valves described in this chapter will later be integrated in 
microbioreactors used in fermentation experiments.  
3.1 Prototypes for the characterization of microvalves  
The necessary characteristics of the microvalves can be derived directly from the requirements 
for the microbioreactors, since they are decisive for the performance of pH control and 
substrate feeding. First of all, the microbioreactors are intended as disposable devices enabling 
optical online monitoring by means of integrated optodes, scattered light and fluorescence 
measurements. Therefore, integrated actors, such as piezoelectric elements, cannot be 
integrated due to the increased effort for assembly. Similarly, metallizations are too costly for a 
disposable polymeric device, for which reason thermo-pneumatic valves are also inappropriate 
for this approach. In contrast, microfluidic devices with pneumatically actuated valves do not 
require any internal control devices. The externally controlled pneumatic pressure is guided via 
tubes and interconnects to the device, where the pressure can be transmitted in 
microstructured channels at high degrees of integration. The whole microfluidic device can be 
made of one material and has to consist of at least two layers with one thin layer as an active 
membrane.  
The second requirement is the dispensing of sufficiently small volumes, which were determined 
to be 5 nl by scaling down the values from large scale fermentations. Pneumatically actuated 
valves are able to control fluid volumes as low as 100 pl (Unger et al. 2000). This type of valve is 
normally open and relies on the high flexibility of its PDMS layers. Therefore, it cannot be 
realized in thermoplastic polymers as PS or PMMA. The more appropriate approach of 
(Hosokawa & Maeda 2000) employs a three layer system with normally closed valves (compare 
with figure 2.22). This valve is fabricated using soft lithographic fabrication techniques in PDMS. 
But with slight variations this valve design is also suitable for more rigid materials as 
thermoplastic materials. A normally closed valve has the advantage that the wells and reservoirs 
in the reactor can be filled without risking fluid flow or contaminations, which facilitates the 
handling of the microbioreactors while setting up fermentation experiments.  
The third requirement is to provide sufficient chemical and mechanical durability, since the pH in 
fermentations has to be controlled by the frequent dispensing of acids and bases. Therefore, the 
microfluidic devices have to be resistant to acids as hydrochloric acid (in concentrations up to 
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2 mol l-1) and phosphoric acid (up to 2 mol l-1) or bases as sodium hydroxide (up to 2 mol l-1) and 
ammonia hydroxide (up to 24%). Assuming that these media have to be supplied after each pH 
measurement, an individual valve is actuated in intervals of approximately 2 min. This results in 
about 5040 valve actuations during a fermentation period of one week. The valves have to 
tolerate these alternating loads with the exposition to aggressive media. Since studies revealed 
resistance of PDMS to the mentioned acids and bases in the unstressed state (Lee et al. 2003) 
and pneumatic PDMS based valves have not shown any failure in more than 4·106 valve 
actuations with water (Unger et al. 2000), valves made of PDMS promise to be a feasible 
approach for fluid handling in microbioreactors. Additionally, PDMS is transparent in the range 
of visible light, which enables the use of established optical monitoring technologies.  
These three main requirements can be fulfilled with microfluidic devices based on PDMS. 
Particularly, in terms of a rapid fabrication of prototypes, soft lithography is a well suited 
fabrication method. Pneumatic valves can be realized without complex integrated actor 
components and are therefore a good approach for fluid handling in single use microbioreactors. 
However, aggressive media, such as sodium hydroxide, may lead to alteration of the surface 
energy of PDMS (Klammer et al. 2006) and the combination of aggressive media and alternating 
loads has not yet been characterized. These factors must be examined in advance of 
fermentation experiments. 
In order to allow the fabrication of microfluidic devices not only in PDMS but also in 
thermoplastic polymers as PS, which is a standard material for MTPs, a valve concept similar to 
that described in (Hosokawa & Maeda 2000) has been chosen for the use in the MTP based 
microbioreactors. This concept represents a normally closed valve. The main characteristic of 
this valve type is a step, which interrupts the fluid channel (figure 3.1 a). A PDMS membrane is 
bonded to the fluid layer and covers the upper side of the channel. The bonding is achieved by 
applying silicon adhesive to the fluid layer with a structured stamp and pressing both layers 
together. Within a radius of 250 µm around the valve step, the stamp transfers no adhesive to 
the fluid layer, which allows the membrane to deflect. The fluid channels are approximately 
100 µm wide and 30 µm deep. The width of the valve step is 50 µm. The PDMS membrane is 
approximately 50 µm thick. Fluid at an elevated pressure in the fluid channel is able to lift the 
membrane from the valve step (figure 3.1 b). This opens the valve by enabling a fluid flow over 
the step and into the other side of the channel. An increased external pressure closes the valves 
by pressing the membrane back onto the fluid layer (figure 3.1 a).  
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Figure 3.1. Schematic cross section of a closed (a) and an open (b) valve using a valve principle 
of (Hosokawa & Maeda 2000). If the pneumatic control pressure is released, the pressurized 
fluid in the inlet channel is able to lift the membrane from the valve seat and to allow a fluid 
flow.  
For the purpose of characterization experiments the microfluidic device is integrated in a 
microbioreactor prototype. In this prototype, the microfluidic device is clamped between a well 
plate and a base plate, both are made of PMMA. The base plate has the same footprint as 
standard MTPs. This allows the use of a fluorescence measurement setup designed for MTPs. 
The well plate of the prototype is 15 mm high and contains two wells with a diameter of 
11.5 mm corresponding to the size of standard MTPs. One well serves as a reservoir and the 
other well is the reaction chamber, to which fluids are dispensed. The microfluidic device seals 
the bottom side of the well plate. Besides the two chambers, the well plate carries three through 
holes that guide externally controlled pneumatic pressure to the microfluidic device (figure 3.2). 
The through holes have a diameter of 1 mm and are extended to a thread for pneumatic push-in 
connectors on the top side of the well plate. The valves in the microfluidic device are located 
directly below the through holes. The valves are aligned to the through holes using a stereo 
microscope prior to mounting the base plate. This ensures that the whole area of the valve 
membrane is able to deflect and the valve is allowed to open completely. The fluid flow is 
actuated by an elevated reservoir pressure.  
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Figure 3.2. Prototype VT1 with one reservoir and one well per MTP. The microfluidic device, 
consisting of membrane and fluid layer, seals the bottom of both chambers. The through hole 
in the MTP above the valve step is directly connected to external control valves. 
3.2 Simulation of time controlled dispensing 
Prior to valve fabrication, the concept of the pneumatically actuated valves is evaluated with a 
computational model. This model calculates the time dependant volume flow of the time 
controlled dispensing using a simplified valve model (figure 3.3). The model consists of an inlet 
channel, a channel with a variable cross section inside the valve and an outlet channel. The valve 
is represented by two coupled pistons, from which the enclosed volume and the flow resistance 
below the membrane are calculated. The pressures at the inlet and at the outlet are set to 
reservoir pressure and to ambient pressure, respectively. The membrane is actuated by a time 
dependent pneumatic pressure. The fluid pressure at the intersections of the channels is applied 
to the spring loaded pistons. Thus, the fluid pressure is able to deflect the membrane. The 
membrane movement leads to a flow into or out of the pistons. The springs correspond to the 
membrane stiffness. The piston volume corresponds to the dead volume of the valve. Since the 
membrane cannot deflect independently at the inlet and outlet, both pistons are coupled by an 
additional spring.  
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Figure 3.3. Scheme of the numeric valve model. The model consists of three flow channels 
(inlet channel, valve seat and outlet channel) and two spring loaded pistons. The inlet and the 
outlet channels have a constant cross section, while the cross section of the valve seat changes 
in time as a function of the piston displacements u1 and u2. The pistons are displaced by the 
pressures p1 and p2 and thereby compress the springs with spring constants of k1 and k2, 
respectively. Both pistons are coupled by an additional spring with a spring constant k12.  
3.2.1 Numerical model 
The flow through the three channels of the valve model is described as time dependent, viscid 
and incompressible. The fluid properties are set to those of water at room temperature. Flows in 
macroscopic pipes are considered as laminar, if the Reynolds number (Re) does not exceed 
2100 (Schröder 2000). In microfluidic or nanofluidic channels, turbulent flows have already been 
found at Reynolds numbers of 400 (Rostami et al. 2002). Due to the small dimensions (less than 
100 µm in diameter and less than 100 mm in length) and low velocities (less than 1 m s-1) and 
the resulting small Reynolds numbers of ten or less, the flow is considered as laminar 
(equation 3.1).  is the density,  is the hydraulic diameter,  is the average flow velocity and  
is the dynamic viscosity. The hydraulic diameter is an auxiliary quantity, which allows comparing 
the flow through channels with differently shaped cross sections.  is equal to the area  
divided by the circumference  of the cross section multiplied by four (equation 3.2).  
     !" #$  ,   4 '( (3.1), (3.2) 
The Bernoulli equation for unsteady flow (equation 3.3) is used for modeling the dynamic fluid 
stream in the valve model.  
  *#*+ ,   -  *#.*/ , 010/ ,  2 030/  0  (3.3) 
Here, ρ is the fluid density, g is the gravitational acceleration, z is the coordinate in the direction 
of the gravitational acceleration and s is a coordinate along the channel axis. After the 
integration with respect to the coordinate s and assuming a constant channel cross section, 
equation 3.3 is rewritten to 
  5 6 ,  -  - ,  7 ,   2 8   9:;<=. (3.4) 
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with L being the channel length. The first term corresponds to the pressure needed for the 
acceleration of the fluid, the second term represents the dynamic pressure and p is the static 
pressure. The last term is the pressure of the hydraulic head. This term is neglected in most 
microfluidic applications, due to planar design or small dimensions.  
Since equation 3.4 is only valid for inviscid flows, an energy dissipation term, which takes the 
hydraulic resistance of channels into account, has to be added. The pressure losses over a 
channel with a square cross sections and with a rectangular cross section at laminar flow are 
given in equations 3.5 and 3.6, respectively. The edge length of the square cross section is h. The 
width of the rectangular cross section is w and the height is h. Both equations result from 
numeric approximations of the hydraulic resistance (Bruus 2008). 
 Δ7#,/?@ABC  D- $ E #F G.H---I J.  (3.5),  
 Δ7#,BCL+.   D- $ E M #FJ. (MNG.OPG J) (3.6) 
The flow in the valve model can now be expressed with the following set of equations. The 
Bernoulli equation is used to describe the flow in the three channels (equations 3.7, 3.8 and 
3.10), which are coupled to the volume flow into the pistons by the continuity equations at the 
two nodes (equations 3.11 and 3.13). RD, R-, RP, R/D and R/- are the volume flows in channels 1, 
2, 3 and in the branches to the pistons 1 and 2. The inlet channel and the outlet channel are 
assumed to have a square cross section with an edge length of h. The valve is approximated as a 
flat rectangular channel with a width w and a height um. um is the mean value of both piston 
deflections u1 and u2 (equation 3.9).  
 6D   D  ES  T7UV W 7D W   #S.- W  D- $ ES #SG.H---I J.X  (3.7) 
 6-   D  E.  T7D W  7- W   #..- W D- $ E. M #.@F.  (M NG.OPG @F)X  (3.8) 
 [\   @S] @.-  (3.9) 
 6P   D  E_  T7- W  7`@+ W   #_.- W  D- $ E_ #_G.H---I J.X  (3.10) 
With the piston cross section As1 and As2 and the velocities in the pistons vs1 and vs2 the 
continuity equations are rewritten to equations 3.12 and 3.14. 
 RD   R- , R/D    (3.11) 
 /D /D  a- D W  [\ b - (3.12) 
 R-   RP ,  R/-    (3.13) 
 /- /-   [\ b - W  a- P (3.14) 
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The equations of motion for both pistons connect the deflections u1 and u2 to the pressures p1 
and p2 at both nodes as well as to the externally controlled pneumatic pressure pext 
(equations 3.15 and 3.16). cD and c- represent one half of the membrane stiffness, each. The 
deflection of one piston exerts a force on the other piston and vice versa. This coupling force is 
determined by the coupling stiffness cD- and the difference in deflections [D and [-. This 
coupling force is required, because otherwise the two pistons would be able to move 
independently, which is not the case with the valve membrane. Since in most cases the distance 
between the two coupling nodes is rather small, the coupling stiffness has to be large compared 
to the individual stiffnesses cD and c-. In order to restrict the height differences between both 
pistons due a force, which acts on a single piston, to 10% of the average deflection, the coupling 
stiffness cD- has to be 19 times the stiffness cD or c-, respectively. A damping force, which is 
proportional to the velocity of the pistons, can be considered in this model. But as the damping 
coefficients dD and d- are unknown in most cases and difficult to determine, they are usually set 
to zero. The acceleration force consists of the effective membrane mass (eD and e-) and the 
fluid mass, which moves inside the piston ( /D[D and  /- [-). 
 /D (7D W 7Cf+)  cD [D , cD- ([D W  [-)  , dD [6 D ,  (eD ,   /D [D) [g D (3.15) 
 /- (7- W  7Cf+)  c- [- , cD- ([- W  [D) , d- [6 - ,  (e- ,   /- [-) [g - (3.16) 
The time discretization of the initial value problem was carried out with forward Euler 
differencing (equations 3.17 and 3.18). An explicit scheme was applied to the equations instead 
of using implicit schemes. A major advantage of an explicit scheme is that they can be 
implemented with an iterative algorithm and do not require the solution of linear systems of 
equations. However, they usually require significantly smaller time step intervals in order to 
achieve the same level of accuracy as the implicit schemes, which can even be unconditionally 
stable concerning the length of the time step interval (Press et al. 1999). The small time step 
intervals of explicit schemes can result in a higher computational effort. In the employed 
scheme, the time derivatives are calculated from the solution of the previous time step yn-1, of 
the current time hV and from the still unknown solution of the next time step hV]D. By solving 
for hV]D, the solution for the next time step can be directly calculated.  
 h6  i  jklSN jkm+  (3.17) 
 hg  i  jklSN - jk] jknSm+.  (3.18) 
After the time discretization, the equations 3.7 to 3.16 are rearranged in order to form an 
algorithm, which provides solutions for D, -, P, /D, /-, 7D, 7-, [D and [-. This algorithm is 
executed based on available solutions with superscript ;, which have been determined in the 
previous time step. The algorithm is repeated in time step intervals of o=, until the end of the 
simulation interval is reached. Additional functions have been integrated, but are not listed here. 
These functions apply the externally controlled time dependent valve pressure or control the 
displacement of the pistons. The piston displacements have to be kept within bounds to prevent 
a division by zero in equation 3.8. The piston displacements [D or [- have to be larger than or 
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equal to zero and smaller than the width of the valve divided by 0.63. But in general, the average 
piston displacement should be substantially smaller than the width of the valve to ensure a 
higher accuracy of the approximated pressure loss over the valve of equation 3.6 (Bruus 2008). 
All essential equations of the algorithm are listed below:  
1) DV]D   m+p qS  T7UV W 7DV W  -  DV-  W D- $ ES rs #SkJ. (MsNG.OPG J)X ,  DV  (3.19) 
2) -V]D   ∆+  E.  u7DV W  7-V W  -  -V- W D- $ E. M #.k@Fk . MN G.OPG @Fk _v ,  -V (3.20) 
3) PV]D   m+p q_  T7-V W  7A W   -  PV- W  D- $ E_ Ms #_kJ. (MsNG.OPG J)X ,  PV (3.21) 
4) /DV]D   DJ Ms  Ta bG DV]D W  D-  ([DV]D , [-V]D) b -V]DX  (3.22) 
5) /-V]D  DJ Ms  TD-  ([DV]D ,  [-V]D) b -V]D ,  a bG PV]D X  (3.23) 
6) [DV]-  J Ms m+'wS   /DV]D , [DV]D (3.24) 
7) [-V]-  J Ms m+'wS  -V]D ,  [-V]D  (3.25) 
8) 7DV]D   D'wS  TcD [DV]D  ,  cD- ([DV]D W  [-V]D) ,  @Skl.N - @SklS] @Skm+.  (eD , xx  
 xx /D [DV]D)  , dD  @SklSN @Skm+ X ,  7Cf+ (3.26) 
9) 7-V]D   D'w.  Tc- [-V]D ,  cD- ([-V]D W  [DV]D) ,  @.kl.N - @.klS] @.k m+.  (e- ,xx 
 x /D [-V]D) ,  xd-  @.klSN @.km+ X ,  7Cf+ (3.27) 
The first three equations solve the Bernoulli equations and yield the velocities in the three main 
channels at the next time step. In 4) and 5), these velocities are then used to calculate the 
velocities into the pistons based on the equations of continuity. The arbitrary cross section bG a 
serves as a reference and has no physical relevance. The volume flows into both pistons are 
required to determine the piston deflections two time steps ahead (algorithm steps 6 and 7). 
Finally, the equations of motion are utilized for calculating the pressures 7D and 7-. After that, 
all required values are available and the next iteration can be started.  
The described algorithm is used to simulate the time controlled dispensing of the demonstrator 
VT 1. This device is characterized by inlet and outlet channels with a length of 10.2 mm, a 
channel width of 100 µm and a channel height of 32 µm. The length and the width of the 
channels are determined by photomasks, but the height of the channels can be easily varied by 
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using different heights of photoresist during the photolithographic fabrication of the molds 
(compare with chapter 3.3). Thus additional simulations are carried out with the channel heights 
16 µm and 48 µm. The width of the valve step is 225 mm. The radius of the deflectable area of 
the valve membrane is 250 µm. The width of the flow channel in the valve w (see equation 3.8) 
is set equal to this radius of 250 µm. The spring rates cD and c-of 41.2 Pa m are derived from a 
linearization of the bending of circular shaped membrane with a thickness of 50 µm, an elastic 
modulus of 750 kPa and a Poisson ratio of 0.49. The membrane simulation is carried out with the 
FEM software Ansys (ANSYS, Inc.). The employed model is described in detail in chapter 6.1.4. 
The fluid density is 1000 kg m-3 and the viscosity 1 mPa s. The externally controlled valve 
pressure is 100 kPa and the reservoir pressure 50 kPa. The simulation has been carried out at 
fifteen dispensing times from 1 ms to 500 ms. The time step interval is set to 4·10-10 s, which has 
been determined in a separate study of the independency of time discretization.  
The beginning of the simulation is initiated by applying both the valve pressure and the reservoir 
pressure. After a waiting period of 4 ms, the externally controlled valve pressure is set to 
ambient pressure for the desired dispensing time, during which the pistons deflect and allow a 
fluid flows across the three channels. After the dispensing time has elapsed, the valve pressure 
of 60 kPa is reapplied and the valve channel is adjourned. After a final waiting period of 15 ms, 
the simulation is completed.  
3.2.2 Results of valve simulations 
The results show a highly linear dependency between the dispensed volume and the dispensing 
time for all three channel heights (figure 3.4). The dispensing volumes can be approximated by 
lines through the origin with slopes of 71.8 nl s-1, 530.2 nl s-1 and 1.55 µl s-1 for the channel 
heights 16 µm, 32 µm and 48 µm, respectively. Thus, the minimal dispensing volume of 5 nl can 
be supplied by dispensing times of 69.6 ms, 9.4 ms and 3.2 ms. The minimal actuation time of 
typical pneumatic valves is 10 ms. Therefore, the dispensing of this lower bound of dispensing 
volumes appears to be possible with the channel heights 16 µm or 32 µm in combination with 
the channel width of 100 µm. The dispensing volume at the largest examined dispensing time of 
500 ms is approximately 35.8 nl. At short dispensing intervals of less than 5 min, the flow rates 
are large enough to supply sufficiently high volumes for pH control. For instance, the dispensing 
with valve opening times of 3.5 s in intervals of 5 min over experiment duration of seven days 
would lead to a dispensing of more than 500 µl, which corresponds to the intended culture 
volume and would already lead to a significant modification of the culture medium.  
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Figure 3.4. The results of the numerical simulation of time controlled dispensing in VT1. The 
dispensed volumes are shown depending on the dispensing time. Three channel heights of 
16 µm, 32 µm and 48 µm have been considered. The dispensed volumes can be approximated 
with lines of best fit with a coefficient of determination higher than 0.999. These lines have 
ordinate intercepts between 0.04 nl and 0.24 nl. The slopes corresponding to the channel 
heights 16 µm, 32 µm and 48 µm are 71.8 nl s
-1
, 530.2 nl s
-1
 and 1.55 µl s
-1
, respectively.  
The dynamic behavior of the valves with 16 µm deep fluid channel is illustrated in figures 
3.5 a to d. The pressures, velocities, volume flows and piston displacements resulting from a 
dispensing time of 75 ms are shown over the simulation time. During the first 4 ms of the 
simulation time, all fluid velocities are zero and 7D equal to the reservoir pressure of 50 kPa 
(figure 3.5 a). Then the valve pressure is reduced from 100 kPa to zero, which results in a rapid 
decrease of p1 due to the beginning piston displacement. 7D lifts both pistons (figure 3.5 d) due 
to the coupling stiffness cD-, which in turn leads to a short period of backflow in the outlet 
channel to the valve within the simulation time of 4 ms to 10 ms (figure 3.5 b). The constantly 
decaying increase of piston displacement reaches its maximum of 22.1 µm at a simulation time 
of 79 ms, just before the valve pressure is reapplied. During the piston movement, the dead 
volume of up to 4.3 nl under the membrane is filled. Therefore, the volume flow in channel 3 is 
always smaller than the other volume flows, as long as the valve remains opened (figure 3.5 c). 
The volume flow in channel 2 remains almost constant at 7.09·10-11 m3 s-1 within the period of 
simulation time from 12.9 ms to 84.7 ms. With the decreasing piston motion, the volume flows 
of channel 1 and channel 2 converge to that of channel 2. The reapplying of the valve pressure of 
100 kPa in combination with the piston pretension leads to fluid pressures at the nodes 1 and 2 
of approximately 120 kPa. When the valve closes, the dead volume is partially transported back 
towards the reservoir. Thereby, the highest absolute fluid velocities of -0.127 m s-1 and 
0.217 m s-1 are reached in channel 1 and channel 3, respectively (figure 3.5 b). Since these two 
channels have the same length and the same cross section, the ratio of the volume flows 
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corresponds to that of the pressure differences of 120 kPa from valve to well and of 70 kPa from 
valve to reservoir. A significant reduction of the volume flow in channel 2 does not exist, until its 
height drops below 8.5 µm at 84.7 ms, which is 80.7 ms after the valve pressure is reapplied. The 
drop of the piston displacement from its maximum deflection of 22.1 µm to the valve seat takes 
approximately 10.1 ms. From then on, the flow passage is closed and the initial conditions are 
restored. During this simulation, the volume flow of channel 3 was integrated and a dispensed 
volume of 5.7 nl was determined.  
  
Figure 3.5. The course of the pressure (a), velocity (b), volume flow (c) and piston 
displacement (d) during a simulation of a time controlled dispensing is presented. After a 
waiting period of 4 ms the pneumatic valve pressure of 100 kPa is set to zero and is reapplied 
at a simulation time of 79 ms. During this dispensing time of 75 ms a volume of 5.7 nl was 
dispensed.  
Using the described model, the dynamic effects of the valve actuation can be studied with a 
simplified membrane model. Despite of the unsteady volume flow in the inlet and the outlet 
channel, an almost constant volume flow across the valve seat exists during most of the 
dispensing time. This constant volume flow results in the high linearity of dispensed volumes 
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over the evaluated range of dispensing times. Furthermore, it could be shown that the pressure 
difference over the valve is in average 216.5 Pa during the period of constant volume flow. Thus, 
the valve resistance of 3.08 ·1012 Pa s m-3 is negligibly small compared to the channel resistances 
of 7.05·1014 Pa s m-3.  
3.3 Fabrication of microfluidic devices 
3.3.1 Fabrication process 
The microfluidic device is fabricated by soft lithographic techniques. A scheme of the fabrication 
process is shown in figure 3.6. The fluidic layer is molded from 32 µm thick photoresist 
structures (AZ 9260, Clariant) on silicon wafers with PDMS. The PDMS Sylgard 184 (DowCorning) 
is used for both layers of the microfluidic device. The shape of the fluidic layer is defined by an 
aluminum mold that is placed on top of the wafer and filled up to 3mm with PDMS. The layer is 
cured in a convection oven at 80°C for 20 min. After curing, through holes in the fluid layer are 
punched out with a 0.8 mm injection needle with a flat tip. The membranes are fabricated by 
spin-coating of PDMS on an unstructured silicon wafer at 2250 min-1 for 45 s. Afterwards, the 
50 µm thick membrane is cured in a convection oven at 80°C for 15 min.  
In the bonding process, a structured PDMS stamp is coated with silicone adhesive (MED 1-4013, 
Nusil) to transfer the silicone adhesive to the fluid layer. At first, silicone adhesive is dissolved in 
2 ml of cyclohexane until saturation. Then the solution is poured on the stamp and spin-coated 
in an extractor hood at 400 rpm for 60 s. The cyclohexane is then allowed to evaporate for a few 
minutes. Subsequently, the stamp and the fluid layer are aligned in a self-made adjustment 
device, consisting mainly of three axes of movement, one axis of rotation and a microscope. 
Both layers are brought into contact to transfer adhesive to the fluid layer. Cavities in the stamp 
ensure that the valve areas remain free of adhesive. After separating the stamp and the fluid 
layer, the fluid layer is pressed onto the membrane. In a convection oven the adhesive is cured 
at 60°C for 1 h. After this final curing, the fluid layer and the bonded membrane are peeled off 
from the membrane wafer. Then, holes with an area of 1 mm2 are cut into the membrane to 
establish a connection between reservoir, well and fluid channels. After that, the microfluidic 
device is ready to use. 
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Figure 3.6. Fabrication process of PDMS microfluidic devices.  
3.3.2 Results of fabrication 
The soft lithographic fabrication of the microfluidic device results in a highly transparent two 
layer composite (figure 3.7). A turbidity caused by the adhesive layer was not observed by visual 
inspection. The amount of adhesive, which is transferred during the stamping process, can be 
sufficiently controlled by the spin coating of the stamp. Using the saturated adhesive solution, 
spin coating with frequencies of 300 min-1 for 60 s provided the best results concerning bond 
strength and risk of channel blocking. Spin coating at frequencies of 400 min-1 or higher leads to 
insufficient bonds, while spin coating at less than 250 min-1 increases the risk of blocked 
channels due to excessive adhesive transfer. The silicone adhesive has to be processed within 
approximately 20 min. After longer waiting periods, the adhesion of the membrane is 
significantly reduced and unacceptable bonds are obtained.  
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Figure 3.7. Section of the PDMS based microfluidic device of VT1. The base area of the 
reservoir is connected to a fluid channel, which is interrupted at the valve. The alignment 
marks are required during the stamping process.   
In figure 3.8, an optical microscope image of the cross section of a microfluidic device is shown. 
The cross section of the fluid channel is free of adhesive. The channel width is in average 
101.7 µm and is therefore in good agreement with the intended width of 100 µm. The channel 
height within the fluid layer of 33.9 µm corresponds to the photoresist thickness of 32 µm of the 
mold wafers. But, the overall channel height of 46.7 µm is significantly larger than expected. This 
is due to the adhesive thickness of approximately 10.8 µm, which has been stamped onto the 
fluid layer and therefore adds to the channel height.  
 
Figure 3.8. Micrograph of the cross section of microfluidic device VT1. The 53.4 µm thick PDMS 
membrane is bonded the fluid layer by 10.8 µm thick layer of silicone adhesive. A flow of 
adhesive into the microfluidic channel has not been observed. 
Under loads that act perpendicularly to the membrane, the channel cross section is reduced. 
This behavior is shown in figure 3.9. By clamping the microfluidic device between two PMMA 
plates and applying light to moderate clamping forces, the cross section can be slightly reduced 
(figure 3.9 a) or completely blocked (figure 3.9 b). The amount of screw torque is still too low to 
be controlled by torque wrenches with an adjustment range down to 1 Nm. Thus, a defined 
cross section cannot be reproduced during the mounting. This implies that defined flow 
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resistances cannot be ensured. Therefore, the dispensing of pH control media has to be adjusted 
by a flexible closed loop control.  
Figure 3.9. Micrograph of cross sections of a fluid layer VT1, which are loaded with light (a) or 
moderate (b) compression forces. The compression forces are similar to those, which occur 
during the clamping of the microfluidic device between the base plate and the MTP. Although 
the applied screw torque is still too low to be quantified with standard torque wrenches, the 
sensitivity of PDMS devices to compression forces is well illustrated.  
3.4 Characterization of dispensed volumes 
3.4.1 Fluorescence based characterization  
The dispensing characteristics of the microfluidic setup are evaluated with fluorescence based 
measurement technologies. The characterization experiments are carried out on a measurement 
setup that has been developed at the Institute of Biochemical Engineering (RWTH Aachen 
University) and is described in (Samorski et al. 2005). A scheme of the setup is shown in 
figure 2.18. A similar setup has been used for determining the flow rates through passive 
microfluidic valves (Klammer et al. 2007).  
An optical fiber is positioned below the microbioreactor and is aligned towards the reaction 
chamber (figure 3.10 a), while the microbioreactor is mounted on an orbital 
shaker (figure 3.10 b). The fluorescence in the reaction chamber is analyzed by a fluorescence 
reader (Fluostar, BMG Lab Technologies). The measurements are carried out at room 
temperature.  
External valves (MH1, Festo) control the pneumatic pressure that actuate the microfluidic valves 
and pressurize the reservoir. The external valves are controlled by a LabView Program (National 
Instruments) that drives an I/O card (USB-6501, National Instruments). The signals of the I/O 
card are amplified to the power needed to actuate the external valves using a custom-made 
amplifier unit. This setup allows applying defined valve opening times.  
Prior to characterization experiments, the reservoir is filled with a solution of fluorescein sodium 
salt (F6377, Sigma Aldrich) in a concentration of 1 mmol l-1. The reaction well is filled with 500 µl 
of phosphate buffer (200 mmol l-1, pH 7.5) and covered with a gas permeable membrane to 
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reduce evaporation. The reservoir pressure is set to 50 kPa and the valve pressure is set to 
100 kPa. These values have been determined in preliminary test, where they ensured a reliable 
valve function. During the characterization experiments, the microbioreactor is shaken with a 
frequency of 800 min-1 in a shaking diameter of 3 mm in order to assure a fast and homogeneous 
mixing of the dispensed fluorescein solution.  
In time intervals of 45 s the valve, which is characterized, is opened for a defined period of time 
and subsequently closed. While the valve is opened, fluorescein solution flows from the 
reservoir across the valve into the reaction well. During the experiment, measurements of the 
fluorescence intensity are repeated every 4 s. The measured fluorescence signal is used later on 
for the calculation of dispensed volumes. Ten time periods of valve opening between 25 ms and 
500 ms have been examined. The dispensing with one time period is repeated for at least six 
times. As soon as the end of the measurement range is reached, the phosphate buffer in the 
reaction well is replaced with fresh medium and the experiment is continued. In this case, the 
measurement range is set to fluorescence signals of 0 to approximately 42.6·103 in arbitrary 
units, which corresponds to pure phosphate buffer to a fluorescein concentration of 500 nmol l-
1. A calibration of fluorescence measurements is carried out using phosphate buffer and ten 
fluorescein solutions in concentrations from 25 nmol l-1 to 1 µmol l-1.  
 
Figure 3.10. a) Detail of the microbioreactor. b) Microbioreactor VT1 mounted to shaker plate. 
A positioning device moves the optical fibers below the shaker plate. 
3.4.2 Evaluation of fluorescence measurements 
Before the dispensed volumes can be determined, the calibration data has to be evaluated, in 
order to relate the measured fluorescence signals with the concentration of fluorescein. 
Therefore, the fluorescence signals are approximated with a polynomial of fourth degree y(c) 
as a function of the concentration c. zG to zH are the coefficients of the polynomial. The method 
of least squares is used for the approximation of these coefficients (Bronstein et al. 2000).  
 y(c)  zHcH , zPcP , z-c- , zDc , zG   (3.28) 
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At first a linear system of equations is formed based on the fluorescein concentrations and the 
corresponding fluorescence signals:  
 {|   }    ~    

 cDH cDP cD- cD 1c-H c-P c-- c- 1
cDDH cDDP cDD- cDD 1 
 zHzPzG   
yDy-yDD  (3.29) 
The components yD to yDD of the vector } are the fluorescence signals that have been measured 
during the calibration with the buffer and the ten fluorescein solutions of the corresponding 
concentrations cD to cDD. The aim of the method of least squares is to minimize the Euclidean 
norm given in equation 3.30.  
 { | W }-   T{ | W  }X · T{ | W  }X (3.30) 
The vector  | is determined by forming the directional derivative of the scalar product of the 
Euclidean norm and identifying this derivative with zero.  
 **| uT{ | W  }X · T{ | W  }Xv  0  (3.31) 
Rewriting equation 3.31 provides the coefficients of the polynomial y(c) in equation 3.32. 
 |   ({{)ND { } (3.32) 
After the polynomial y(c) has been approximated to the calibration data, the fluorescence 
signals obtained in dispensing experiments can be transferred to fluorescein concentrations. The 
analysis of changes in fluorescein concentration forms the basis for the evaluation of dispensed 
volumes. The polynomial y(c) cannot be directly transformed to the fluorescein concentrations c, but it is a bijective function within the range of concentrations used for calibration. Therefore, 
the concentration corresponding to a measured fluorescence signal is determined by Newton’s 
method (Bronstein et al. 2000). The root finding is carried out for the function (c) with the 
above determined coefficients zG to zH and the measured fluorescence signal y: 
 (c)  zHcH , zPcP , z-c- , zDc , zG W  y  0 (3.33) 
The algorithm for finding the concentration cU is:  
 cU]D  cU W ()()  ,     0, 1, … (3.34) 
 with   (c)  4 zH cP ,  3 zP c- ,  2 z- c , zD (3.35) 
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As initial value, cG  0 is chosen for the iterations. The course of the fluorescein concentration 
over the time of experiment exhibits a step in fluorescein concentration each time fluorescein 
solution is dispensed into the well. These steps are then identified and the change of 
concentration is calculated in a Matlab program (MathWorks). Due to the known fluid volume in 
the well and the known concentration of the dispensed fluorescein concentration, the added 
fluid volume can now be determined. The mean value and the standard deviation are calculated 
from consecutive dispensings with the same valve opening time. This evaluation is carried out 
for the examined valve opening times.  
3.4.3 Results 
The fluorescence measurements of each calibration solution comprise 25 single measurements. 
The mean values of the fluorescence signal are shown in figure 3.11 together with the 
approximated polynomial of fourth degree. The standard deviations of the fluorescence signals 
are smaller than 1.2% of the absolute value for all calibration solutions. During calibration, 
fluorescein concentrations of up to 1 mmol l-1 have been used, but in dispensing experiments 
only fluorescein concentrations less than 500 nmol l-1 have been reached.  
 
Figure 3.11. The fluorescence signals measured during the calibration depending on the 
fluorescein solution. The measurement data are approximated with a polynomial of fourth 
degree as described in the previous chapter. The coefficient of determination is better than 
0.999. 
In figure 3.12, the time dependent course of fluorescein concentration is shown exemplarily for 
a characterization experiment with a valve opening time of 200 ms. Each step is caused by the 
dispensing of fluorescein solution and is approximately 45 s long. Due to the measurement 
interval of 4 s, one step consists of approximately 11 values. After a dispensing of fluorescein 
solution, a constant concentration of fluorescein is measured within two measurement cycles, 
which corresponds to approximately 8 s. From the mean values of concentration of each step 
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the dispensed volumes are derived. In this example the average volume is approximately 15 nl 
with a standard deviation of less than 0.75 nl.  
 
Figure 3.12. The concentration of fluorescein in the reaction chamber as a function of time 
during a dispensing experiment. 
In figure 3.13, the mean value of the dispensed volumes is shown in dependency of the 
dispensing time. Volumes of 3.6 nl and 5.6 nl are dispensed at lengths of valve opening of 50 ms 
and 75 ms, respectively. From 75 ms to the highest dispensing time of 500 ms an almost linear 
increase of dispensed volumes exists. The slope of the approximated line is 70.9 V/  and the 
ordinate intercept is 0.25 nl. The coefficient of determination is larger than 0.999. From a length 
of valve opening of 50 ms up to 200 ms, the standard deviation of dispensed volumes is less than 
5% of the absolute value. For increased lengths of valve opening the standard deviation 
increases. The smallest dispensed volume of 0.33 nl is achieved at a dispensing time of 25 ms. 
Here, the standard deviation is 0.17 nl. The low volume and the large deviation indicate that the 
beginning of dispensing is only slightly smaller than 25 ms. With the comparably high deviation, 
a reliable dispensing is not possible at this dispensing time.   
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Figure 3.13. The dispensed volume depending on the length of valve opening. For comparison, 
the results of the simulation using a channel height of 16 µm has been added (compare with 
figure 3.4). The measurement results have been approximated from 75 ms to 500 ms by a line 
of best fit with a coefficient of determination higher than 0.999. The slope is 70.9 nl s
-1
 and the 
ordinate intercept is 0.25 nl. 
3.5 Discussion 
In a concept study, microbioreactors with PDMS based microfluidic devices have been fabricated 
with soft lithographic techniques. The microfluidic valves have been developed based on the 
valve design of (Hosokawa & Maeda 2000). In this original approach, the valves are operated by 
vacuum and the fluid layer is simply attached to the membrane. In order to operate the valves at 
elevated valve and reservoir pressures instead of using vacuum, for the first time, the membrane 
was bonded to the fluid layer by a silicone adhesive in a specially developed stamping 
procedure. Due to the interruption of the fluid channel, the valves are of a normally closed type, 
as long as the reservoir pressure is not increased above approximately 20 kPa. This is a 
prerequisite for a handling comparable to MTPs, which are filled and covered with a gas 
permeable membrane under laminar flow in a clean bench before they are placed on the shaker 
plate.  
Prior to fabrication, the valve design has been proven by a numerical simulation of the time 
controlled dispensing. The simulation is based on time dependent pipe flows of incompressible 
viscous fluids. It uses a simplified membrane model consisting of two coupled pistons, which 
influence the cross section along the valve seat. Since PDMS is highly deformable, three channel 
heights have been considered in the simulation. The results of the simulation show that fluid 
volumes of approximately 5 nl are dosed with dispensing times of 69.6 ms, 9.4 ms and 3.2 ms for 
the channel heights 16 µm, 32 µm and 48 µm, respectively. These valve opening times can be 
handled with commercially available pneumatic valves. Thus, it can be expected that the 
essential demand of sufficiently small dispensing volumes can be realized with this valve design. 
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Furthermore, it could be shown that the resistance of the valves is negligible compared to the 
channel resistance. Therefore, the volume flow is mainly determined by the channel cross 
section and the channel length.  
The dispensing volume was then verified using the online monitoring setup of the department of 
biochemical engineering. The measurement of fluorescein concentration allowed determining 
the volume of single fluid additions. The suitability of the fluorescence based method for the 
characterization in the range of the smallest intended volumes of 5 nl could be proven. The 
evaluation of calibration data with the 25 nmol l-1 fluorescein solution results in a standard 
deviation of less than 0.3 nmol l-1, which corresponds to 1.2% of the test concentration. 
Assuming the same standard deviation of 0.3 nmol l-1 at a concentration of 10 nmol l-1, a 
measurement uncertainty of 3% would exist in the range of dispensing volumes of 5 nl.  
At a length of valve opening of 25 ms, the dispensing of fluids starts, but a reproducible 
dispensing is not yet possible, as the standard deviation is more than 50% of the dispensed 
volume of 0.33 nl. However, at lengths of valve opening of 50 ms and 75 ms dispensed volumes 
of 3.6 nl and 5.6 nl are yielded, and the corresponding standard deviations are 4.7% and 3.0%, 
respectively. Therefore, the first research objective, the ability to dispense small volumes of 
about 5 nl with the valve type described by Hosokawa and Maeda, has been proven. These small 
fluid volumes will allow the accurate control of microfermentation processes.  
The course of dispensed volumes is highly linear at dispensing times of 75 ms to 500 ms, which is 
illustrated by the coefficient of determination of 0.9992. Additionally, the line of best fit has an 
ordinate intercept of 0.25 nl, which is close to zero. But at the two lowest measuring points, the 
valve cannot retain its linear behavior. This could be caused by an adherence of the membrane 
at the valve seat, which has to be overcome by the pressure inside the inlet channel in order to 
lift the membrane from the fluid layer. A corresponding effect has not been found in the results 
of the simulation, where a linear behavior exists to dispensing times as low as 1 ms. A delayed 
pressure transfer in the pneumatic tubes can be disregarded as an explanation, because the 
pneumatic pressure reaches its final value within less than 2 ms (results of a separate CFD 
simulation are not shown). The influence of the external valves can also be ruled out, because 
their response time is rated at 4 ms (Festo 2011). Both time lags are significantly smaller than 
the dispensing time of 25 ms, which already leads to an almost uncontrolled dispensing.  
The sensitivity of the fluorescence measurement setup has been adjusted to low fluorescein 
concentrations to allow the detection of the small dispensed volumes. This grants 
measurements with high accuracy and low standard deviations of less than 5% up to dispensing 
times of 200 ms. But, the adjustment for lower concentrations limits the range of measurement. 
At dispensing times higher than 200 ms, the sensitivity of the optical measurement is reduced 
after a few dispensings. This leads to higher deviations of the measured fluorescence signal and 
requires frequent changes of the buffer solution.  
The results of the measurements correlate well with the simulation results, which have been 
attained with a channel height of 16 µm. The images of deformed channel cross sections show, 
that a high reduction of the cross sectional area is already likely when applying small clamping 
forces. As the channels retain their width of approximately 100 µm during the compression, a 
channel height of 16 µm can be assumed during the measurements. Thus, a significantly smaller 
76 3 Design, fabrication and characterization of microfluidic valves 
 
cross section exists under the conditions of use than in the unstressed state with a channel 
height of 48 µm.  
The described microbioreactor shows a basic design with just one reservoir and one reaction 
well. However, the design matches demands posed on microbioreactor systems such as reaction 
volumes and well geometries comparable to 48 well MTPs, reservoirs integrated in the 
microbioreactor, operation under shaken conditions, possibility of dispensing under sterile 
conditions and applicability for optical online monitoring. Furthermore, the microfluidic device 
fulfills the demand for dispensed volumes as low as 5 nl and offers a wide range of dispensable 
volumes, which are proportional to the dispensing time. For example, the dispensing time for a 
volume of 100 nl is estimated to be approximately 1.4 s. Even this comparably high dispensing 
time is compatible with intended measurement intervals during fermentation experiments of 
1 min to 4 min.  
After the potential of the first series of microfluidic devices has been shown in application 
oriented characterization experiments, this concept may now be expanded to microbioreactors 
with a parallel operation of several individually controlled cultures. The next designs will have to 
focus on the individual supply with two fluids, the reproducible dispensing of highly viscous 
nutrient solutions and the qualification for fermentation experiments. 
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4 PDMS based microbioreactors for fluidic 
control of fermentations   
The first microbioreactors for the use in fermentation experiments will be based on the format 
of 48 well MTPs. Several wells of the microbioreactor can be individually supplied with two 
different fluids. The microfluidic device will use the valves developed in the previous chapter for 
time controlled dispensing. Additionally, the microfluidic devices will be equipped with 
integrated pumps, in order to enable the metering of substrate media. The same soft 
lithographic fabrication process as in the previous chapter will be applied. Then, the time 
controlled dispensing is evaluated. Thereafter, the integrated pump is characterized by 
dispensing glycerol solutions. Finally, the reactors are used in a fermentation experiment to 
validate the reactor concept of MTPs with integrated microfluidic devices. The fermentation 
experiment mainly focuses on the pH control by dispensing acid and base.  
4.1 Design of microbioreactors and microfluidic devices 
4.1.1 Design of the microfluidic device 
In order to provide the individual supply of two different fluids to at least 16 wells of a 
microbioreactor in the format of a 48 well MTP, several components have to be integrated in the 
microfluidic device. These microfluidic components comprise fluidic and pneumatic channels, 
pneumatically actuated valves and pumps as well as vertical interconnects to the reservoirs, 
wells, and external control lines. However, only about 42% of the base area of the MTP can be 
used for microfluidic components, because the well bottom has to remain free from any 
microfluidic structures to prevent an interference with the online monitoring. In order to deal 
with the limited space, high levels of integration are essential for the microfluidic components.  
The increased demands on the microbioreactor concerning parallelization and fluid handling 
result in a larger amount of functionalities, which have to be integrated in the microfluidic 
device. The main requirement, that defines the number of active components, is the supply of 
up to 16 wells with two fluids and the need for a reproducible dispensing of one of these fluids. 
Therefore, two independent systems of fluid channels with pneumatically controlled valves are 
necessary for an individual supply. The reproducible dispensing is obtained by a pump which 
consists of an inlet valve and a pump chamber in conjunction with the valves in front of the wells 
as outlet valves. This demand leads to a configuration, where two valves are required to control 
the flow into each well and additionally two inlet valves as well as two pump chambers for every 
group of wells that is connected to one pair of reservoir. In a microbioreactor with 16 wells this 
configuration would require at least 34 pneumatically actuated microfluidic components. The 
use of passive flap valves as described in (Jeon et al. 2002) could slightly reduce the number of 
active valves by replacing both inlet valves. But, the reduced number of active valves and fluid 
connections do not compensate for the additional fabrication step involved in perforating the 
valve membrane. Thus, the pumps are equipped with the active pneumatic valves.  
During the fabrication of PDMS based microfluidic devices with the size of a MTP, the alignment 
of three layers with microstructures becomes error-prone due to the high deformability of this 
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material. Therefore, the complexity of the microfluidic devices has to be reduced by partitioning 
the microbioreactor into smaller domains, which consist of reservoirs, wells and microfluidic 
devices. In the case of microbioreactor VT2, the microbioreactor with the size of a MTP is 
divided into four rows of six wells with an independent microfluidic device for each row 
(figure 4.1). Two wells of the row serve as reservoirs and the remaining four wells are used for 
cultivation. This configuration requires eight valves for controlling the fluid flow from two 
reservoirs to the four reaction wells (figure 4.2). The channel connecting the outer reservoir is 
equipped with an inlet valve and a pump chamber. Altogether ten pneumatic connections exist 
in each microfluidic device. The pneumatic connections lead through the fluid layer and are 
aligned to the pneumatic through holes in the MTP (figure 4.3).  
 
Figure 4.1. The microbioreactor VT2 has the same base area and well dimensions as standard 
48 well plates. In VT2, microfluidic devices are attached to the bottom of the MTP. Four wells 
can be supplied with fluids from two reservoirs by two independent systems of fluid channels. 
Due to the required clamping, only every second row can be equipped with a microfluidic 
device.  
By dividing the microfluidic devices into smaller modules, their fabrication is significantly 
facilitated. On the one hand, wafers with a diameter of 4” are large enough to serve as substrate 
for molds made of photoresist. The complete base area of an MTP would require 6” wafers and 
a corresponding increased use of resources. Furthermore, the alignment, the bonding and the 
handling of flexible PDMS layers in smaller units become easier and the risk of defects is greatly 
reduced. On the other hand, a modular configuration requires more space for the mounting and 
thus fewer wells can be supplied within one microbioreactor. Since defects form with a higher 
probability along the border of the bonded area than in the inner areas of the microfluidic 
device, all fluidic and pneumatic structures as channels, valves and interconnects have to keep a 
minimum distance of 1 mm to the edge of the devices. Within the microfluidic device, the 
majority of microfluidic structures are concentrated in an inner area with a width of 15 mm, the 
outer part of the device is mainly needed for the screwed fastening.  
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Figure 4.2. The base area of microfluidic device with pneumatic channels (blue) and fluid 
channels (green) is approximately 85 mm long and 26 mm wide. Both reservoirs are connected 
to one fluid channel each. Two valves in front of every well control the fluid flow in time 
controlled dispensing mode. For the metering of substrates, a pump is integrated to the 
channel connected to the outer reservoir. The pump consists of an inlet valve, a pump 
chamber and the valves in front of the wells, which are used as outlet valves.  
In VT2, one fluid channel extends from each reservoir along the long side of the microfluidic 
device to the fourth well (figure 4.2). From this main channel, a supply channel branches off in 
front of each well. The supply channels are equipped with a pneumatically actuated valve for the 
individual control of fluid flow into the corresponding well. Both reservoirs are intended for time 
controlled dispensing. The outer reservoir can be connected with a channel that incorporates an 
inlet valve and a pump chamber. This allows the pumping of fluids in addition to the time 
controlled dispensing.  
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Figure 4.3. Schematic cross section of the microbioreactor. The pneumatic control lines are 
attached to the MTP. Through holes guide the externally controlled pressure to the pneumatic 
channels in the microfluidic device.  
Along with the valves in front of the wells, the inlet valve and the pump chamber form a pump 
for the volume controlled fluid dispensing. By using the valves in front of the wells as outlet 
valves, all four wells can be supplied from the same pump chamber. Thereby, adverse influences 
of volume variations due to fabrication tolerances can be avoided and the need for external 
valves and connections is reduced. The pump chamber consists of one cylindrical cavity in the 
fluid layer and the pneumatic layer, both are separated by the membrane. The cavity in the fluid 
layer has a diameter of 600 µm and a depth of 70 µm, the cavity in the pneumatic layer has a 
diameter of 1 mm and a depth of 110 µm.  
The pump volume can be estimated by assuming firstly that the membrane is almost completely 
deflected into the cavity of the pneumatic layer while filling the pump chamber due to the 
reservoir pressure and secondly that the membrane is completely deflected into the cavity of 
the fluid layer while pressurizing the pump chamber. The pump volume () results from the 
deflection of the membrane, which is given as the sum of both cavity volumes in equation 4.1: 
     T!- X-   ,  T!- X-     106 ;  (4.1) 
Here,  is the diameter of the cavity in the pneumatic layer and  is its height,  is the 
diameter of the cavity in the fluid layer and  is its height. The resulting pump volume is 
approximately 106 nl. This pump volume matches the demand of supplied substrate volumes in 
the range from 100 nl to 200 nl.  
The valves in the microfluidic device VT2 also consist of a step that interrupts a fluid channel and 
a membrane that covers the channel as in the microfluidic device VT1. But in contrast, the 
pressurized air is not guided to the top of the membrane by a through hole in the MTP, which 
also provides the space for the deflecting membrane. Instead, in VT2 valve chambers are located 
in the pneumatic layer above the deflectable area of the valve membrane. These chambers offer 
the required clearance the membrane needs to deflect above the valve step and to open the 
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flow cross-section. Pneumatic channels establish a connection between the valve chambers and 
the pneumatic connections that lead to the through holes in the MTP. Both, valve chamber and 
pneumatic channel are replicated from 110 µm high resist structures. The diameter of the valve 
chamber is 1 mm. The width of the pneumatic channels is 100 µm. The pneumatic channels are 
aligned in distances of 200 µm. Since pneumatic pressures of approximately 100 kPa are applied, 
the bonded area has to withstand comparably high mechanical stresses. The fluid channels in 
VT2 only differ in the increased channel depth of 70 µm compared to those in VT1. The channel 
width of 100 µm and the width of the valve step of 50 µm have been maintained from VT1.  
The fabrication process of VT2 is based on the fabrication of VT1. The bonding of the fluid layer 
to the membrane uses the same stamping process as described in chapter 3.3. The prototype 
VT2 requires an additional bonding of the pneumatic layer to the membrane. The bonding of the 
pneumatic layer is carried out similarly to the bonding of the fluid layer. But, in this case the 
silicone adhesive is transferred to the full area of the pneumatic layer by a coated silicon wafer. 
Afterwards, the pneumatic layer is aligned to the fluid layer and both are brought into contact. 
The curing parameters have been adopted from the first bonding process. Prior to bonding, the 
through holes for fluidic and pneumatic connections are punched in the fluid layer by an 
injection needle with a flat tip and an outer diameter of 0.8 mm. The resulting diameter of the 
punched holes in the pneumatic layer is approximately 0.6 mm. A corresponding microfluidic 
device is shown in figure 4.4 b. 
4.1.2 Design of the microbioreactor 
The microfluidic devices VT2 have been segmented in order to fit to a row of six wells and are 
equipped with an additional pneumatic layer. The described configuration allows the integration 
of four microfluidic devices in one MTP. Thus, up to 16 wells can be supplied within one 
microbioreactor. A higher number of wells is not possible, because the screwed fastening of the 
base plate and the MTP requires approximately 5 mm of space between the microfluidic 
structures and the outer edge of the base plate. This space requirement leads to an additional 
width of 12 mm per microfluidic device and a total width of 25 mm. Since the pitch between two 
rows of a 48 well MTP is 13 mm, only every second row can be equipped with a microfluidic 
device.  
Within a row, the wells are now placed in a smaller distance of 13 mm to each other. In VT1 the 
distance was 26 mm and left sufficient space for placing the pneumatic quick couplings and 
valves between the reservoir and the well. This arrangement would also not interfere with the 
gas permeable membrane that is used to seal the well. Due to the smaller distance of the wells 
in prototype VT2, the valves cannot be connected directly with a through hole in the MTP 
anymore. Instead, the pneumatic layer of VT2 allows a flexible positioning of the pneumatic 
quick couplings.  
Therefore, the quick couplings can now be placed near the reservoirs and at the side of the MTP 
(figure 4.4 a), in order to allow the wells to be covered with a gas permeable membrane. This is 
necessary in fermentation experiments to reduce the evaporation and to maintain sterile culture 
conditions. Eight pneumatic quick couplings are positioned near the reservoirs for the actuation 
of valves and the pump chamber. Two quick couplings are placed behind well four at the edge of 
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the MTP to actuate the two valves in front of this well. In order to pressurize the reservoirs, two 
quick couplings are placed directly above them 
With at least two microfluidic devices mounted to the MTP, the microbioreactor can be placed 
on the shaker plate as any regular MTP. This enables the use of the fluorescence measurement 
setup during fermentation experiments. Each reservoir has a volume of approximately 2 ml to 
allow a high dosage of nutrient solution or media for pH control. The intended reaction volume 
is 0.5 ml per well.  
 
Figure 4.4. a) The microbioreactor VT2 with two microfluidic devices. The left side is equipped 
with pneumatic quick couplings. The microfluidic device is clamped between the MTP and the 
base plate using a screwed fastening. b) Microfluidic device made of PDMS. The thickness of 
the device is approximately 5 mm.   
4.1.3 Integrated electrodes for the measurement of electrical 
conductivity 
This microbioreactor concept offers the possibility to integrate electrical measurement 
capabilities in addition to optical monitoring. In a modified version of the previously described 
microbioreactor, the fluid handling is controlled in a MTP consisting of one row of six wells 
(figure 4.5 a), in which the fluid flow is controlled by one microfluidic device VT2. Four electrode 
sensors (figure 4.5 b) have been integrated at the sidewalls of the wells and these electrodes are 
connected with a pre-amplifier, which is fixed to the base plate next to MTP (figure 4.5 c). This 
configuration is suitable for the use in shaken mode on the biolector measurement setup.  
The MTP is made of polyether ether ketone (PEEK), which, in contrast to PMMA and PS, can be 
sterilized by autoclaving. The bottom of the MTP carries cavities with a depth of 0.3 mm next to 
the wells into which the contact pads of the sensor foils are inserted. The part of the sensor foil, 
containing the electrodes, is bonded onto the cylindrical surface of the wells. This position 
ensures a steady contact with the culture medium and no interference with optical 
measurements.  
The electrode sensor itself consists of a double layer polyimide (PI) foil and electroplated gold 
metallization for contact pads, path lines and electrodes (Hofmann et al. 2010). The electrodes 
are covered with a layer of sputtered platinum. Four electrodes with a length of 13.8 mm and a 
width of 200 µm are aligned in parallel in a distance of 200 µm. The four electrode sensors are 
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bonded to the MTP with a silicone adhesive (MED 1-4013, Nusil) for permanent use. A micro 
cable is connected to the gold contact pads by micro welding. The contact pads are then 
encapsulated with an epoxy based adhesive (AD 1895, Delo). The other side of the cable is 
soldered to a printed circuit board, which is connected to a multiplexer unit by a plug-in 
connector. The multiplexer consists of eight high frequency relays which are used to switch the 
four electrode signals. The signal is pre-amplified by a pre-amplifier unit, which is directly 
connected to the multiplexer unit. This minimizes adverse effects of parasitic capacitances and 
reduces measuring failures at high frequencies. The AD 8130 differential receiver amplifier with 
active feedback technology is applied to pre-amplify the signals. The conductance 
measurements were carried out with a Solartron 1260 Impedance Analyzer in the frequency 
range of 100 kHz to 10 MHz. The measurement cycle time for all four wells was set to 180 s. 
 
 
Figure 4.5. (a) Bottom view of the MTP with integrated electrodes. (b) Four electrode sensor 
foil. The length of the electrodes is 13.8 mm. (c) Micro-bioreactor consisting of a microtiter 
plate (MTP) with four wells, a microfluidic device and a pre-amplifier unit. 
4.2 Characterization of microfluidic devices 
4.2.1 Materials and methods 
Prior to fermentation experiments, the dispensing characteristics of the microfluidic devices 
have been evaluated. The dispensed volumes have been measured by filling glass capillaries of a 
known volume (figure 4.6 a and b). The elastomeric properties of PDMS allow inserting glass 
capillaries into the fluidic connections in the pneumatic layer. Since the outer diameter of the 
capillaries is larger than the diameter of the through holes, the radial pressure of the PDMS 
causes a tight seal without the need of adhesives or similar. The glass capillaries are easy to 
insert because the through holes in the pneumatic layer are accessible via the open top of the 
wells. Additionally, the comparably large well diameter of 11.5 mm enables a close monitoring 
84 4 PDMS based microbioreactors for fluidic control of fermentations 
 
of the filling of the capillaries using a stereo microscope. Due to the changing refraction of light 
when the water enters the capillary, the start of the capillary filling can be clearly determined. 
From this point in time the number of dosages is counted, until the forming of meniscus at the 
top of the capillary when it has completely been filled. The dispensed volume is calculated from 
the capillary volume and the number of dosages. The capillary volume is adapted to the 
dispensed volumes to achieve between 50 and 120 dosages. Glass capillaries with a volume of 
0.5, 2 and 4 µl are used (Carl Roth). The standard deviation of the capillary volume is 1% of the 
nominal value. These measurements have been employed for measuring of time dependent 
dispensing and for the measurement of pumped volumes. In the time dependent dispensing, DI 
water was used as fluid. The integrated pumps were characterized with glycerol solutions in 
concentrations of 40%, 60% and 80%. The same microfluidic device that was used for the 
characterization of the integrated pumps using glass capillaries has also been applied in a 
characterization experiment using the fluorescence measurement setup and a fluorescein 
solution.  
 
Figure 4.6. a) Microbioreactor VT2 with inserted glass capillaries for the characterization of 
dispensed volumes. b) Detail view of four wells and the glass capillaries. 
The microfluidic pumps use peristaltic pumping with a sequence that is shown in table 4.1. The 
sequence consists of eleven single actuation steps and holding times. During the holding time tV, 
the valves are given the opportunity to deflect into the new state. tV is applied after each 
actuation of a valve. The corresponding time for relaxation of the pump chamber is tb, which is 
applied as the minimum time for filling of the pump chamber as well as for its discharging. In the 
initial state, the inlet valve and the pump chamber are pressureless, which allows the filling of 
the pump chamber. During the subsequent steps the inlet valve is closed and the outlet valve is 
opened, which then allows the pump chamber to be discharged. After that, the pump returns 
into the initial state by closing the outlet valve and releasing the pressure on the pump chamber 
and the inlet valve. Typical values for tV and tb are 200 ms and 500 ms, respectively. A complete 
pump sequence takes approximately 1.6 s. 
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Table 4.1. The actuation sequence of integrated micropumps. 
Sequence step Inlet valve Pump chamber Outlet valve 
1 (Initial state) open pressureless closed 
2 Pump sequence starts 
3 closes pressureless closed 
4 Holding time tV  
5 closed pressureless opens 
6 Holding time tV  
7 closed is pressurized open 
8 Relaxation time tb 
9 closed pressurized closes 
10 Holding time tV  
11 opens pressure is released closed 
12 Relaxation time tb 
13 Return to initial state, step 1 
4.2.2 Results and discussion 
The results of the characterization of the time dependent dispensing are shown in figure 4.7 a. 
The dispensed volume of water, which has been measured using glass capillaries, is evaluated 
for five dispensing times for each well. The measurement of every dispensing time has been 
repeated six times. The results have been approximated by lines of best fit.  
In all four wells, the smallest dispensed volume is smaller than 5 nl. The corresponding 
dispensing times reach from 18 ms in well 1 to 36 ms in well 3. With a dispensing time of 100 ms, 
the dispensed volumes in wells 2, 3 and 4 range between 52.4 nl and 59.9 nl while the dispensed 
volume in well 1 is approximately 183.2 nl. The coefficients of the lines of best fit are listed in 
table 4.2. All four coefficients of determination range between 0.96 and 0.996. The slope of 
line 1 is approximately 3.4 times larger than the slope of the other three wells. The slopes of 
lines 2, 3 and four differ less than 21%.  
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Figure 4.7. (a) The dispensed volume depending on the dispensing time. (b) Pump volumes of three 
glycerol solutions in concentrations of 40%, 60% and 80%.  
The relation of the slopes of wells 1 to 4 cannot be explained by a fluidic resistance, which is 
proportional to the channel length, or by a combination of a constant resistance of the valves 
and a length dependent resistance. A resistance that is proportional to the channel length while 
neglecting the valve resistance can be excluded since the product of slope and channel length 
are not constant (table 4.2). Instead, the products differ by a factor of approximately 1.7.  
Table 4.2. Lines of best fit and coefficients of determination corresponding to the data of the 
time controlled dispensing. For comparison the channel length as well as the normalized 
product of the channel lengths and the slopes of lines of best fit are listed. 
Well 
number 
Linear equation Abscissa 
intercept; 
coefficient of 
determination  
Channel length; product of 
channel length and slope 
normalized to well 1 
1 nlt
ms
nltV 97,45401,2)( −=  19.1 ms; 0.96 8.9 mm; 1 
2 nlt
ms
nltV 92,13743,0)( −=  18.7 ms; 0.996 26.08 mm; 0.91 
3 nlt
ms
nltV 19,25753,0)( −=  33.5 ms; 0.975 39.23 mm; 1.38 
4 nlt
ms
nltV 52.11625.0)( −=  18.4 ms; 0.981 52.13 mm; 1.53 
 
The second assumption of proportionality between the slope e and the sum of a constant valve 
resistance 9#   and a resistance proportional to the channel length 9 ·   can also be excluded.  
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A fit of the three coefficients 9G, 9# and 9 the method of least squares leads to a difference 
between the measurement results and equation 4.2 between -26% and 23%. 
Deformations of the microfluidic device are a possible explanation for the unexpected 
dispensing characteristic. The screwed fastening of the base plate and the MTP causes clamping 
forces that lead to displacements in the microfluidic device. These displacements may compress 
the channels and the smaller cross section results in higher resistances. Moreover, the valve 
chamber can be compressed, whereby the membrane is given less space to deflect. Meanwhile, 
the membrane can be stressed in radial direction. This supports a pretension of the membrane 
and leads to a reduction of flow cross sections at given reservoir pressures. Reduced flow rates 
and a delayed start of dispensing may be the consequence. Since the clamping forces are non-
uniformly distributed over the microfluidic device, the deformations can affect the valves in 
different intensities.  
The integrated micropump has been characterized by pumping glycerol solutions into glass 
capillaries (figure 4.7 b). Glycerol solutions in three concentrations of 40%, 60% and 80% have 
been dispensed. The average volumes of pump strokes for the four wells are shown in Fig. 4. The 
average pump volume for the 40% glycerol solution is 103.0 nl, for the 60% glycerol solution 
104.2 nl and for the 80% glycerol solution 96.9 nl. For all glycerol concentrations the standard 
deviation of the pump volumes is 10.4% or smaller. The differences of individual pump volumes 
in any well to the average value with the glycerol concentration of 60% range from -3.1 nl to 
3.3 nl.  
The results of the experiments show the reproducible dispensing, which can be achieved with 
glycerol solutions in the concentrations of 40% and 60%. These two solutions have a viscosity of 
approximately 3.72 mPa s and 10.8 mPa s, respectively. Since the difference in the average 
pump volume with the 40% and the 60% glycerol solution is approximately 1.2 nl, which is 
smaller than the standard deviations of 6.0 nl and 2.7 nl respectively, the increased resistance of 
these two fluids can be compensated with the described pump configuration. Merely, the pump 
volume with the 80% glycerol solution shows a slightly reduced pump volume. This reduction 
compared to the other two solutions of 6.7 nl is within the same range as the standard deviation 
and therefore not yet significant. This shows that the pump is able to handle an 80% glycerol 
solution of a viscosity of up to 70 mPa s with a high level of accuracy. The volume deviations 
over the four wells, which have been observed during the time dependent dispensing, can 
almost completely be compensated by the integrated micropump. Furthermore, the measured 
pump volumes of 103.0 nl to 104.2 nl are in good agreement with the estimated pump volume 
of 106 nl (equation 4.1). 
The measurement of the pump volume has been repeated with the same sample on the 
fluorescence measurement setup with an aqueous fluorescein solution. Since no significant 
difference in pump volumes between the 40% and the 60% solution has been found, it was 
assumed that this is also the case with aqueous solutions. The results of the dispensing 
experiment are shown in figure 4.8. Due to contamination with particles, the valve in front of 
well 3 was blocked. The pump volume averaged over three wells of this single measurement is 
103.5 nl. The difference between the largest and the smallest volume is approximately 3.1 nl. As 
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this experiment was carried out at a shaking frequency of 800 min-1, the shaken operation does 
not seem to affect the reproducibility of pumping. Furthermore, both measurement procedures, 
using capillaries or the fluorescence measurement setup, obviously lead to comparable results.   
 
Figure 4.8. Pump volume of aqueous fluorescein solution measured using the fluorescence 
measurement setup. Well 3 is not functional due to a contamination of the valve. 
In conclusion, the time controlled dispensing shows a large variation of dispensed volumes. The 
variations are obviously caused by clamping forces that lead to deformations of channels and 
valves. Although the dispensed volumes cannot be precisely predicted, the dispensed volumes, 
ranging from less than 5 nl at a dispensing time of 25 ms to at least 50 nl at a dispensing time of 
100 ms, fulfill the demands required for the microbioreactor and offer a high flexibility for pH 
control. The hardly predictable dispensing characteristics must be compensated by a suitable 
controller. Anyway, this controller has to be able to deal with systems with continuously 
changing state. For instance, the buffer capacity of the medium may change and the same 
amounts of acids or bases may cause different effects within a comparably short time.  
The integrated microfluidic pumps provide a reproducible supply of nutrient solutions. The 
peristaltic pumping with an inlet valve, a pump chamber and the valves in front of the wells are 
capable of compensating the varying valve characteristics, because the fixed volume of the 
pump chamber determines the pump volume. The volume of the pump chamber has been 
estimated in equation 4.1 with 106 nl. This value agrees well with the measured pump volume of 
approximately 103.5 nl with respect to the average standard deviation of approximately 4.2 nl. 
Besides the variability of microvalves, different viscosities in the range of 1 mPa s to 12 mPa s of 
water and glycerol solutions with concentrations of 40% and 60% can be almost completely 
compensated. Even an 80% glycerol solution with a viscosity of approximately 70 mPa s can be 
pumped with only slight reductions in pump volume of about 6.5%. 
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4.3 Fermentation experiments 
4.3.1 Materials and methods 
After the fluidic characterization of the microfluidic device, the microbioreactor is employed in a 
fermentation experiment. The aim of the experiment is to demonstrate the feasibility of pH 
controlled fermentations in this microbioreactor. In addition, the microbioreactor is equipped 
with the four electrode sensors for conductivity measurements to show the possibility of 
simultaneous optical and electrical online monitoring. The microbioreactor has been used to 
cultivate E. coli K12 (DSM 498) in Terrific Broth (TB) medium. The combination of organism and 
medium was chosen because both acid and base are produced during separate phases of the 
fermentation requiring a pH control with two media. The fermentation experiments are carried 
out at the BioVT in a constant-climate room at a temperature 37°C. The fluorescence based 
measurements of the pH and the scattered light are performed using the fluorescence 
measurement setup which is described in chapter 2.4.  
The TB medium consists of: glycerol (5 g l-1), tryptone (12 g l-1), yeast extract (24 g l-1),K2HPO4 
(12.5 g l-1), KH2PO4 (2.3 g l-1). The microfluidic device dispenses sodium hydroxide and phosphoric 
acid (both 1 mol l-1) to control the pH in two wells. The other wells served as references. A 
LabView program evaluates the signals from the pH 1-mini, calculates the amounts of acid or 
base and drives the pneumatic valves that actuate the microfluidic device. The program utilizes a 
proportional controller for the dispensing. The pH set point is 7. The coefficients of the 
proportional controller are adjusted to dispensing times of 15,000 ms per pH unit for phosphoric 
acid and 20,000 ms per pH unit for sodium hydroxide. The controller coefficients have been 
derived from preliminary tests. The controller works linearly within a range of ±0.2 pH units of 
the set point. The dead-band in which no action occurs is ±0.03 pH units of the set point. Every 2 
min the pH is measured and, if necessary, fluids are dispensed. To guarantee oxygen supply to 
the medium and mixing of the culture, shaking of the micro-bioreactor-array is carried out with a 
frequency of 800 min-1 and a shaking radius of 3 mm on an orbital shaker (Kühner GmbH, 
Birsfelden, Switzerland). Each well was filled with 700 µl cell suspension or cell free media. 
Finally, the wells are sealed with a gas permeable membrane.  
4.3.2 Results and discussion 
The fermentation of E. coli cells has been monitored for 19 h. In wells 2 and 4 the pH has been 
controlled by dispensing phosphoric acid and sodium hydroxide. In well 1, no bacterial cells have 
been added, it served as a reference for the medium. In well 3 an uncontrolled fermentation has 
been carried out.  
Figure 4.9 shows the pH of wells 3 and 4 and the dispensing time. A negative dispensing time 
indicates the period of valve opening for phosphoric acid and a positive dispensing time for 
sodium hydroxide, respectively. The pH-uncontrolled culture starts at a pH of 7.4 and remains 
within a range of 7.4–7.45 until 3:47 h. Then the pH drops to the minimum of 6.46 at 6:30 h and 
after that rises to the maximum of 8.83 at 16:15 h. Then, the pH remains almost constant at 8.8 
until 19 h.  
The pH-controlled culture starts at a pH of 7.29. The difference to the pH set point of 7 leads to 
two dispensing of phosphoric acid which results in a pH of approximately 7.0 after about 6 min 
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from the start. Until 3:50 h, the pH remains between 7.03 and 6.90 with four further dispensings 
of phosphoric acid. At 3:50 h the microfluidic device starts dispensing sodium hydroxide and 
during each measurement interval a dispensing takes place until 5:57 h. The minimum pH of 
6.85 is reached at 4:05 h. From 6 h to 13 h 64 single dispensings of phosphoric acid are carried 
out. During the period from 13 h until the end of the experiment almost no correction of the pH 
is necessary.  
The dispensing of fluids takes place mainly during two phases. The first phase is the dispensing 
of sodium hydroxide between 3:50 and 6:00 h. The second phase is the dispensing of phosphoric 
acid between 6:00 and 12:50 h. Within the periods of dispensing phosphoric acid, the pH ranges 
between 6.96 and 7.04, resulting in an average pH of 7.01. While dispensing sodium hydroxide, 
the pH ranges between 6.85 and 6.97. During this period, the average pH is 6.93.  
 
Figure 4.9. The results obtained from the pH online monitoring during fermentations of E. coli 
cells in TB medium. The pH of the uncontrolled culture (dashed red line) varies between 6.46 
and 8.83, while the pH of the controlled culture (solid blue line) can be maintained between 
6.85 and 7.03 by dispensing phosphoric acid and sodium hydroxide. Negative dispensing times 
(solid black line) indicate the periods of valve opening for sodium hydroxide, positive 
dispensing times for phosphoric acid, respectively.  
In figure 4.10, the scattered light signal is shown for wells 3 and 4. During the first 4.5 h, the data 
are nearly congruent. Between 2 h and 14 h the scattered light signal of both cultures increases. 
At approximately 7.5 h both curves show an inflection point, where the bending of the curve pH 
uncontrolled is larger than that of curve pH controlled. From 9 h to 13.5 h the scattered light 
signals increase, wherein the signal of the pH-uncontrolled culture is larger than that of the pH 
controlled. At approximately 12.5 h the pH-controlled curve shows an inflection. From 14 h to 
19 h the pH-controlled scattered light signal increases, while the pH-uncontrolled signal remains 
almost constant. 
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Figure 4.10. The scattered light signals of a pH-controlled and a pH-uncontrolled culture. 
During the first 4.5 h the course of the scattered light signal of both cultures develops almost 
identically. From 9 h to 13.5 h the scattered light signal of the pH controlled culture is smaller 
than that of the uncontrolled culture. This can be explained by the dilution due to the addition 
of acids and bases. From then on the growth of the scattered light signal in the pH controlled 
culture is more pronounced than in the uncontrolled culture.  
The conductance curves of the controlled and uncontrolled culture proceed almost in parallel 
within the first 4 h (figure 4.11). From 4:00 h to 6:00 h the conductance of the controlled culture 
increases linearly to the maximum of 6.1 mS cm-1. In the period from 6:00 h to 13:00 h the 
conductance decreases to a local minimum of 5.1 mS cm-1. After 13:00 h to the end of the 
experiment the conductance increases with a cumulative slope. Single dispensing events can be 
observed in the conductance curve at several times, for example after 4 min, 45 min, 2:30 h, and 
14:36 h.  
The conductance in the uncontrolled culture shows a local maximum at 5:15 h and a local 
minimum at 6:15 h (figure 4.11). Another pair of local maximum and minimum is shown at 
13:10 h and 15:25 h, respectively. The local maximum at 13:10 h reaches a conductance of 
nearly 5.1 mS cm-1. After 15:25 h, the conductance increases continuously but with a smaller 
slope than the conductance of the controlled culture. 
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Figure 4.11. The change of conductance measured by four electrode sensors at 100 kHz. Single 
dispensing events of phosphoric acid can be observed in the conductance curve at for instance 
4 min, 45 min, 2:30 h, and 14:36 h.  
In figure 4.10, the scattered light signal represents the biomass development in both cultures. 
The first growth phase on glycerol lasts until 6 h. After a short interruption, indicating the diauxic 
substrate change to complex proteins, the microbial growth prolongs until 13 h in the 
uncontrolled culture and until 19 h for the pH-controlled culture. Since the pH of the 
uncontrolled culture rises up to 8.8, the bacterial growth is nearly completely inhibited. Whereas 
the scattered light signal is nearly constant in this phase for the uncontrolled culture, the 
biomass in the pH-controlled culture still grows, resulting in an increasing scattered light signal. 
The scattered light signals of both cultures start with a difference of about 0.5% and end with a 
difference of more than 4.4%. Taking the resolution of the measurement into account, the 
scattered light signal of the pH controlled culture can be considered significantly higher than the 
signal of the uncontrolled culture at the end of the fermentation. At the end of the first and 
during nearly the complete second growth phase, the slope of the curve pH controlled is smaller 
than the slope of the curve pH uncontrolled. This contradiction could be explained by a dilution 
effect because of pH-adjustment. Up to 100 µl of liquid had to be dosed to an initial volume of 
700 µl during the fermentation. This results in a significant dilution in the controlled wells and in 
a decrease in biomass concentration and the scattered light signal. Taking this into account, the 
slope and thus the growth rate of both cultures are at least comparable. Characteristic points of 
the scattered light curves of the pH uncontrolled culture, for example at 6.5 h and 14 h are also 
found in the conductivity of this culture. However, the conductivity develops differently 
compared to the scattered light signal within the first 4 h. Within the first 2 h the conductivity 
increase is about one-third of the final value, while the scattered light reaches a minimum. In the 
present design of the micro-bioreactor only conductance measurements are possible. The four 
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electrode sensors are connected with the pre-amplifier board by micro-cables which lead to 
parasitic capacitances. In addition, the electro-welding, the soldering and the encapsulation of 
the micro-cables are labor-intensive and time-consuming. Future designs of the micro-bioreactor 
and the microfluidic device could therefore incorporate a direct and temporary connection to 
the sensor’s contact pads by spring loaded contacts.  
After the experiment, particles were observed in the fluid system of the base, although the 
sodium hydroxide solution has been filtrated, before the reservoirs were filled. These particles 
accumulate at the valves (figure 4.12 a and b). These contaminations severely restrict the 
volume flow. Although the allowed maximum dispensing time of 4 s has been utilized, the 
resulting volume flow was not high enough to prevent a drop of the pH to 6.85.  
Because the valves are operated with pressurized air, the particles probably consist of sodium 
bicarbonate that it is formed from sodium hydroxide and carbon dioxide, which is contained in 
the pressurized air (equation 4.3). The carbon dioxide diffuses from the pneumatic tube through 
the water filled pneumatic channel to the PDMS membrane and from there into the sodium 
hydroxide solution. PDMS has a comparably high permeability for CO2 of 3.63·10
-9 m2·s-1 (De Bo 
et al. 2003), which is about 605 times higher than the permeability of CO2 in polycarbonate of 
6·10-12 m2·s-1 (Goodfellow 2010).  
 ¢£¤ , ¤-  ¥  ¢£¤P (4.3) 
The solubility of sodium bicarbonate in water of 1.14 mol l-1 (Merck 2010) is at least at a 
temperature of 20°C considerably smaller than the solubility of sodium hydroxide of 31.5 mol l-1 
(GESTIS 2010). The sodium hydroxide concentration in the reservoir is just 1 mol l-1. This means 
that even at a complete reaction into sodium bicarbonate the solubility limit is not yet reached. 
But if the dispensing is interrupted for a longer time, the sodium hydroxide is consumed by the 
reaction and additional sodium hydroxide may diffuse to the valve region. With a continuous 
mass flow of sodium hydroxide into the valve region, the concentration of sodium bicarbonate 
may rise to levels at which crystals precipitate out of the solution. After the experiment, the 
microbioreactor was disassembled and the particles could be dissolved by flushing the channels 
with a diluted hydrochloric acid.  
In further experiments, nitrogen is used to actuate the microfluidic valves. This prevents the 
introduction of carbon dioxide into the microfluidic channels. If nitrogen is not available, the 
formation of particles can be avoided by choosing a base that does not tend to form products 
with a low solubility, such as ammonia hydroxide. But this alternative is only applicable to 
specific experimental configurations. Microbioreactors for a general purpose will have to be 
equipped with membranes, which are more impermeable to gases.  
In case the culture produces acid or base at a high rate, it has to be considered that a 
proportional controller is not capable of completely keeping the pH at the set-point. With 
suitable coefficients, the controller is able to reduce the deviation to a sufficiently small value for 
a specific working point. In order to compensate changing characteristics of the microfluidic 
device or the culture medium, the controller should be extended with an integral part.  
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Figure 4.12. Particles have been observed in fluid channels and valves after the fermentation 
experiment. Particles are clearly visible on the valve step (a) as well as contaminations 
between the membrane and the valve seat (a and b). In b) particles partly block the inlet 
channel.  
In summary, the pH control is possible within narrow tolerances during the fermentation 
experiments, due to the high resolution of online measurements in combination with the wide 
range of dispensable volumes. Thereby, the suitability of the microbioreactor concept could be 
proven in an application oriented environment including elevated temperature, shaking and 
handling in standard laboratory instead of a cleanroom. The high gas permeability may lead to 
the formation of sodium bicarbonate particles which cause a restricted volume flow or even a 
complete clogging of the valves. To prevent this effect in further experiments, either nitrogen 
instead of pressurized air or an alternative base, such as ammonia hydroxide should be used. 
With precisely adapted coefficients, the linear controller is capable of adjusting the pH properly. 
But in case of varying cultivation conditions or changing characteristics of the microfluidic 
device, the controller should be equipped with an integral term or a software based error 
compensation. The available data of fermentations does not allow quantifications of the 
reproducibility. The reproducibility of micro-scale fermentations and the comparability with 
conventional processes are evaluated by the BioVT. 
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5 System integration 
In this chapter, the development of a pneumatic interface is described. The interface has the 
purpose to connect all required pneumatic control lines, while mounting the microbioreactor to 
the shaker plate. The performance of the system is finally demonstrated in a fermentation 
experiment using E. coli. 
In fermentation experiments, MTPs are usually attached to shaker plates by simple clamping 
devices. Therefore, the best way of operating an MTP-based microbioreactor system is the 
synchronous fixation on the shaker plate and the connection with the actuation hardware in one 
clamping step. With this, no handling with external equipment is necessary and the possibilities 
for operator errors are reduced. Furthermore, the procedures for setting up experiments are 
similar to these with standard MTPs. While time and effort for the preparation in the 
microbioreactors is comparable to MTPs, an additional process control becomes available in 
fermentation experiments. 
The actuation of a microfluidic device with four wells and two reservoirs requires up to twelve 
pneumatic lines. In order to integrate several microfluidic devices on the area of a MTP, the 
pneumatic connections have to be grouped space-saving in compact arrays. This requires the 
design of special gaskets, which seal the interface between the microbioreactor and the shaker 
plate. They have to be able to withstand the pneumatic pressure and to compensate 
dimensional tolerances of the microfluidic devices. 
The prevalence of E. coli in research and industrial fermentation applications supported the 
decision for using this microorganism in fermentation experiments. To further increase the 
relevance of the applied test system and to mimic large scale processes, ammonia hydroxide and 
phosphoric acid were used to adjust the pH of the culture media. These substances are 
commonly used for pH control in large scale biotechnological processes.  
5.1 Design of pneumatic interface 
5.1.1 Interface layout  
The pneumatic connection has to meet several demands. At first the pneumatic connection has 
to be established by clamping the microbioreactor to the shaker plate. With a microbioreactor 
design based on VT2, up to 12 pneumatic connections per microfluidic device are required and 
pneumatic pressures of approximately 100 kPa have to be transferred. Furthermore, the 
connection must not affect the optical measurements and has to be able to compensate height 
differences of microfluidic devices integrated to the microbioreactor. The height of the gasket 
should not exceed 2 mm in order to maintain a short distance between the bottom of the wells 
and the optical fiber bundle (compare with figure 2.18). 
Therefore, the design shown in figure 5.1 was chosen. The pneumatic interface is integrated into 
a shaker plate (fabricated by Vulkan Technic Maschinen-Konstruktions GmbH, Wiesbaum, 
Germany). Steel tubes with a diameter of 2 mm rise 3 mm out of the shaker plate. The steel 
tubes reach into the holes in the base plate of the microbioreactor. This ensures the alignment 
to the intended position, while the microbioreactor is placed on the shaker plate. The gastight 
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seal is obtained by an attached PDMS gasket. The pneumatic connections are concentrated 
below the reservoirs, where no optical measurements are carried out. The pneumatic tubes are 
arranged in three rows of four with a pitch of 4 mm (figure 5.2 a). Below the microbioreactor, 
the shaker plate is cut out to enable the optical fibers used for the measurements to move 
underneath the wells (figure 5.1 and 5.2 b). 
 
Prior to the fabrication, suitable heights and thicknesses of the gasket rings (figure 5.1) are 
determined in a FEM simulation. This FEM simulation is described in detail in the following 
chapter. The PDMS gasket is fabricated by casting in a mold made of PMMA. The mold is 
manufactured by CNC milling. Both halves of the mold are aligned with steel bolts and clamped 
by screws. Subsequently, the mold is filled with PDMS (Sylgard 184, Dow Corning), which has 
been degassed to ensure a complete filling of cavities and to prevent air bubbles. The PDMS is 
cured at room temperature over night. 
 
Figure 5.1. Schematic representation of the microbioreactor and the pneumatic interface. As 
previous demonstrators, the microbioreactor VT3 uses a PDMS based microfluidic device. In 
this case the pneumatic control lines are now accessed through the base plate, which is fixed 
to the shaker plate. A PDMS gasket ensures a gastight seal. The PDMS gasket consists of a 
1 mm thick layer with through holes for the steel tubes and cylindrical rings with the height h, 
the thickness t and the outer diameter da. The suitable sets of these dimensions are evaluated 
in FEM simulations.  
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Figure 5.2. a) Detail of the pneumatic interface mounted on a shaker plate. b) A cut-out in the 
shaker plate allows the optical measurements through the well bottom. c) The steel tubes of 
the pneumatic interface are connected to pneumatic tubes, which lead to the pneumatic 
control valves. Next to the microbioreactor two standard MTPs can be mounted on the shaker 
plate in order to conduct reference fermentations.  
5.1.2 Gasket simulation 
The PDMS gasket has to seal the planar bottom surface of the microbioreactor. Therefore, the 
height differences between the microfluidic devices have to be compensated by a compression 
of the PDMS gasket. If a maximal height difference of 300 µm between the flattest and the 
thickest microfluidic device is assumed and a gasket compression of not exceeding 500 µm is 
allowed, the minimal compression, after which a tight seal has to be achieved, is 200 µm. After 
this minimal compression, the gasket should exert a pressure of at least 100 kPa to the base 
plate of the microbioreactor, since valve pressures of up to 100 kPa have been applied in the 
previous microbioreactors VT1 and VT2.  
PDMS has been chosen as material, because it is easy to process, has a low Young’s modulus and 
allows large elastic deformations. The gaskets were designed as a 1 mm thick layer with holes in 
a diameter of 2 mm for the steel tubes. Rings with an outer diameter of 3.8 mm stand out of the 
PDMS layer. In order to choose suitable thicknesses and heights of the rings (figure 5.1), FEM 
simulations were carried out using the program Ansys Workbench (Ansys Inc.). Five thicknesses 
from 0.25 mm to 0.75 mm and three heights from 0.5 mm to 1 mm have been simulated. A 
linear material behavior with a Young’s modulus of 750 kPa and a Poisson’s ratio of 0.49 has 
been used for the PMDS. The friction coefficient between PDMS and the metal or the PMMA 
surfaces was set to 0.25. The Young’s modulus and the friction coefficient have been set to 
comparably low values, in order to ensure a reliable prediction whether the ring can withstand 
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the pneumatic pressure. The pretension of the ring and the resulting friction support the ring 
not to turn to the outside due to the pneumatic pressure. The higher the pretension and the 
friction coefficient are the higher is the bearable pneumatic pressure. 
The FEM model consists of the PMMA base plate, the gasket, the shaker plate and a steel tube. 
The model uses a quarter of one pneumatic connection (figure 5.3). The element types 186 and 
187 with an edge length of approximately 100 µm at the ring have been used. The option of 
large displacements has been applied to take the effects of deformations on the stiffness of the 
gasket into account. All calculations are steady state with two load steps. In the first load step, 
the pretension is applied by a vertical displacement of 200 µm. In the second load step, the 
pneumatic pressure of 100 kPa is applied to the inner surfaces of the model. Both loads are 
ramped over several substeps. From the simulation results, the reaction force in the direction of 
the compression is calculated and it is evaluated, whether the gasket ring is able to withstand 
the pneumatic pressure. 
 
Figure 5.3. The geometric model used in the simulation of the PDMS gasket consists of the 
shaker plate with the steel tube, the PDMS gasket and the base plate of the microbioreactor. 
Due symmetry planes, the model can be reduced to a quarter of a single gasket. The 
dimensions h and t are the height and the thickness of the gasket ring, respectively. The outer 
diameter of the gasket ring is 3.8 mm. The height of the underlying PDMS layer is 1 mm. The 
outer diameter of the steel tube is 2 mm.  
5.1.3 Results of gasket simulation 
In FEM simulations, the stability and the reaction force of the gasket rings have been examined 
for the given compression and pneumatic pressure. The five thicknesses 0.25 mm, 0.375 mm, 0.5 
mm, 0.625 mm and 0.75 mm were combined with the three heights 0.5 mm, 0.75mmand 1 mm. 
A deformed shape of a gasket is shown in figure 5.4. The results for the reaction forces are 
shown in figure 5.5.  
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Figure 5.4. a) Deformed shape and color scaling of the von Mises equivalent stress of a gasket 
under compression and pneumatic pressure load. b) Side view of a gasket that is not able to 
withstand the pneumatic pressure. The gasket ring bends outside. 
In some cases, the pneumatic pressure is high enough to deflect thin and high rings to the 
outside, which leads to a leaking connection (figure 5.4 b). In figure 5.5, these instable 
combinations are marked with a circle. Instable behavior was observed for a height of 0.5 mm at 
a thickness of 0.2 mm, for a height of 0.75 mm at a thickness of 0.375 mm and below, and for a 
height of 1 mm at a thickness of 0.5 mm and below. In the considered range of thickness the 
calculated reaction forces are approximated by lines of best fit with a coefficient of 
determination better than 0.99. The reaction forces of stable combinations range from 
approximately 1.2 N to 4.0 N for a single gasket ring if they are compressed by 200 μm and a 
pneumatic pressure of 100 kPa is applied. At all stable combinations of thickness and height, a 
contact pressure of at least 220 kPa is exerted to the base plate at the contact surface to the 
gasket ring. Thus, the gasket seals the valve pressure of approximately 100 kPa reliably.  
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Figure 5.5. The reaction force of single gaskets for five thicknesses and three heights. The 
combinations that lead to instable behavior are marked with a circle. The reaction forces are 
approximated by lines of best fit with coefficients of determination of at least 0.998.  
5.2 Influence of clamping forces on microfluidic devices 
5.2.1 Model of force transfer  
As the dispensing characteristics of the former version of PDMS microfluidic devices VT2 were 
most likely influenced by the clamping forces, this can also be expected to occur with the devices 
VT3. Moreover, the devices VT3 are additionally exposed to the reaction forces of the pneumatic 
interface that have been calculated in the previous chapter. The reaction forces of the 
pneumatic interface cause a bending moment in the base plate, which may in turn affect the 
microfluidic device if the base plate deforms significantly. On the other hand, the microfluidic 
valves can only be functional, if the valve chambers offer sufficient space for deflection of the 
membrane. This space is restricted, if the fluid layer and the pneumatic layer bend into the valve 
chambers due to external forces. Therefore, the loads acting on the microfluidic device, which 
result from the screwed fastening and from the pneumatic interface, are evaluated and their 
effect on the microfluidic devices is determined in FEM simulations. At first, a model is designed 
that considers the clamping effects on the microfluidic device. This includes the external forces 
of the clamping and of the pneumatic interface as input variables. The resulting stresses, which 
occur at position of the valves, are transferred to a second model that represents a detail of the 
valve array. This allows the determination of the deformation effects on the valve itself.  
The first model, which is used for the evaluation of the stress state at the valve array, is shown in 
figure 5.6. The MTP is replaced by boundary conditions of displacement, which determines the 
movement of nodes the upper side of the microfluidic device. The microfluidic device is 
segmented into its three layers: pneumatic layer, membrane and fluid layer. In this first model, 
the fluid channels and pneumatic channels are neglected. The reaction forces of the gasket rings 
0.2 0.4 0.6 0.8
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
 height = 0.5 mm
 height = 0.75 mm
 height = 1 mm
 instable
 
 
R
e
a
c
tio
n
 
Fo
rc
e
 
[N
]
Thickness [mm]
5.2 Influence of clamping forces on microfluidic devices 101 
 
 
are applied to the through holes of the base plate. The force of a single gasket ring is set to 4 N, 
which is the largest of reaction force found in the previous simulation at a compression of 
200 µm (figure 5.5). Both narrow sides of the base plate are able to rotate around an edge and 
the movement of the edge is constrained to the plane that is in contact with the gasket. The 
screwed fastening is not replicated in the model. Instead, cylinders representing the screw heads 
confine the movement of the base plate. The clamping is modeled by a 105 µm downward 
displacement of the upper side of the fluid layer. This displacement results in a compression of 
the microfluidic device is required to seal the contact surface against the reservoir pressure.  
The loads are exchanged via contact interfaces between neighboring parts, which simulate a 
bond. A relative movement of the parts is therefore made impossible. The solution is set to a 
steady state mechanical analysis. The solution process is partitioned into two load steps. The 
compression of the microfluidic device takes place during the first load step and the reaction 
forces of the PDMS gasket are applied in the second load step. During each load step, the loads 
are increased linearly over several substeps. Since only small deformations occur within this 
model, the model is not adapted to the alteration of shape during the solution. After the 
solution process, the stress state in the interface between the fluid layer and the membrane is 
evaluated. This stress is later on applied to the second model.  
 
Figure 5.6. FEM model for determining the stress state in the valve array due to the forces of 
the screwed fastening and the pneumatic interface. The compression of 105 µm applied to the 
upper side of the fluid layer results in an average contact pressure of 60 kPa at the reservoirs.  
The second model is a section of the valve array. It consists of one fourth of a single valve 
assuming two symmetry planes (figure 5.7). This is an acceptable approximation, because it 
supposes that it is surrounded by similar valves and is connected from two sides with a 
pneumatic channel. At least the inner valves are surrounded with similar valves and the 
pneumatic channel is comparably small and can therefore be tolerated. But, the advantage of 
using the symmetry results in a more compact model, which can be mapped with a finer mesh 
leading to a higher accuracy. The three PDMS layers, pneumatic layer, membrane and fluid layer, 
are again coupled with contact interfaces in a bonded mode. A floatable bearing boundary 
condition is applied to both symmetry planes and to the bottom of the model. Uniform 
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pressures are applied to the remaining three sides. The pressures correspond to the normal 
stress perpendicular to each plane and have been evaluated in the first simulation.  
In the fluid layer, a channel with a valve step is embedded. The depth of the fluid channel is 
70 µm. Due to the symmetry plane, the channel width in the model is 50 µm and the width of 
the valve step is 25 µm. The pneumatic layer carries the valve chamber and the pneumatic 
channel leading to the connection through hole. The valve chamber and the pneumatic channels 
are 140 µm high. The diameter of the valve chamber is 1 mm. The channel width in the model is 
50 µm. The diameter of the cylindrical hole for pneumatic connection is 600 µm. Both, the 
pneumatic and the fluidic layer are 3 mm high. The membrane is 50 µm thick. The quadratic 
base area of the model sector has an edge length of 2 mm. The bottom of the pneumatic 
chamber and the membrane are equipped with a contact interface in order to prevent a 
penetration of both layers. Because large deformations are expected in the valve, the 
computational model is updated regularly in order to take alterations in shape into account. An 
adaptive remeshing of the initial mesh is applied with the van Mises equivalent stress as test 
variable. This leads to a mesh size of approximately 105,000 elements and 175,000 nodes. 
During the postprocessing, the stress in the interface between the fluid layer and the membrane 
as well as the height of the valve chamber are evaluated. As soon as the bottom of the valve 
chamber and the membrane come into contact, it is assumed that the valve is not functional 
anymore. 
 
Figure 5.7. Section of the valve array consisting of the pneumatic layer, membrane and fluidic 
layer. The model uses two symmetry planes at the foremost faces, which reduces the 
computational model to one fourth of the original size. The pressures px, py and pz are the 
normal stresses, which have been determined in the previous simulation (compare with figure 
5.6). 
5.2.2 Results of simulated valve reaction 
A gasket reaction force of 48 N in total and a displacement during the clamping of 105 µm lead 
to a stress state with dominating normal stresses with respect to the model coordinate system, 
while the shear stresses are comparably low. Within the area of the valve array, the normal 
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Figure 5.9. Color scaling of the displacement. Due to the compression and the forces of the 
PDMS gasket, the height of the valve chamber is reduced from initially 140 µm to approx. 
52.9 µm. 
A contact between the membrane and the bottom of the valve chamber is not achieved, before 
a multiple of 1.7 of the initial stresses is reached. At load factors of 1.5 and 1.6, the height of the 
valve chamber is reduced to 10.6 µm and 2.3 µm, respectively (figure 5.10 a). At a load factor of 
1.7, both parts are in contact on area with a radius of approximately 16 µm (figure 5.10 b). Even 
at this stress, no collapsed fluid or pneumatic channels have been observed.  
 
Figure 5.10. a) By increasing the initial loads by a factor of 1.5, the height of the valve chamber 
is reduced to 10.6 µm. b) At a load factor of 1.7, the valve chamber is completely closed. 
5.3 Adaption of the microbioreactor 
5.3.1 Design of the microbioreactor  
The design of microbioreactor VT3 still corresponds to VT2 described in chapter 4.1. The MTP 
consists of a polymethylmethacrylate (PMMA) plate with milled cavities and through holes for 
reservoirs and wells (compare with figure 5.1). An additional PMMA plate is glued to the bottom 
of the MTP to cover the reservoirs. This plate offers a support for the pneumatic 
interconnection, which is positioned below the reservoirs. The dimensions and the arrangement 
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of the wells are still based on standard 48-well MTPs. The diameter of the wells is 12 mm and 
the height is 20 mm, providing reaction volumes of 0.2-1 ml for each well. The reservoirs contain 
a volume of about 2 ml.  
The layout of two reservoirs and four wells aligned in a row is also adopted from VT2. On each 
row the fluid flow from reservoirs to wells can be controlled by one microfluidic device 
(figure 5.11). With four rows on an MTP, up to 16 wells can be supplied with fluids individually. 
The microfluidic devices form the bottom of the wells and are clamped to the MTP by a 
transparent PMMA base plate. The base plate now has twelve through holes with a diameter of 
2.2 mm, which are placed over the steel tubes of the interface. The transparency of all layers 
below the wells is a prerequisite for the optical measurements of pH and biomass. In 
fermentation experiments the wells are sealed with a gas permeable foil to ensure sterile 
conditions. In fermentation experiments, optodes for the pH measurement are glued onto the 
microfluidic device, where they are in permanent contact with the cell solution as in 
corresponding experiments described in chapter 4. 
 
Figure 5.11. Microbioreactor VT3 with two mounted microfluidic devices.  
5.3.2 Design of the microfluidic device 
The microfluidic device consists of three PDMS layers with a design modified for the pneumatic 
interface (figure 5.12 a). The fluid channels are again arranged in two different channel systems. 
Each channel system is connected to one reservoir and is capable of dosing fluids by time 
controlled valve opening and by pumping. The channels are 100 μm wide and 140 μm deep. The 
depth of the channels has been increased compared to previous designs based on the results of 
the simulation of clamping forces (chapter 5.2). Thereby, the risk of blocked valves, either by 
particles or by deformation effects, is reduced. Every channel leading to a reaction well is 
controlled by a valve. The eight valves are placed below the reservoirs in two rows. The pitch of 
the valves is 4 mm. Between the rows of outlet valves, two inlet valves, which are connected to 
the reservoirs, and two pump chambers are located. The length of the device is 85 mm, the 
width is 25 mm and the height is approximately 6 mm (figure 5.12 b).  
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Except for the increased channel depth the valve design is identical to the valves introduced in 
chapter 3. These pneumatic channels are 100 μm wide and 140 μm deep. The diameter of the 
valve chamber is 1 mm. In contrast to the previous designs, the pressurized air is guided directly 
through the base plate into the pneumatic layer. Thus, through holes do not have to be punched 
into the membrane and the fluid layer. A typical pressure for the operation of the valves is 
100 kPa. The reservoirs are pressurized with50 kPa to 80 kPa. The microfluidic devices are 
fabricated with the same soft lithographic process as described in figure 3.6.  
 
Figure 5.12. a) Layout of the microfluidic device VT3. The fluid and pneumatic channels are 
shown with a green and a red outline, respectively. The microfluidic device fabricated in PDMS 
is shown in b).  
5.4 Fluidic characterization 
5.4.1 Materials and methods 
The time controlled dispensing has been characterized with deionized water prior to 
fermentation experiments. The time of valve opening has been varied between 10 ms and 
200 ms. The measurement is repeated six times for each time of valve opening. At first, several 
dispensing cycles have been carried out. After the dispensing, the water has been extracted 
from each well using a syringe. Then the mass of water is determined by weighing. The volume 
of a single dispensing is calculated from the mass of water and the number of dispensing cycles. 
The number of dispensing cycles is adjusted, so that the dispensed weight of water per well is 
approximately 200 mg. The standard deviation of the extraction and weighing procedure for 
approximately 200 mg of water is 1.95%.  
5.4.2 Results 
The dispensed volumes have been measured for times of valve opening between 10 ms and 
200 ms in both channel systems. In the first channel system, the measured volumes at a valve 
opening time of 10 ms range from 6.3 nl in well 2 to 73.1 nl in well 4 (figure 5.13 a). The standard 
deviations are 0.6 nl and 6.2 nl, respectively. At a valve opening time of 200 ms, the dispensed 
volumes are between 940 nl in well 4 and 1614 nl in well 1 with standard deviations of 31.9 nl 
and 17.9 nl, respectively. The relation of dispensed volumes between the wells is not constant 
over the period of valve opening. Above approximately 75 ms, the dispensed volumes of well 1 
are the largest; the volumes of well 4 are the smallest. Well 2 and well 3 show a comparable 
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behavior. Below a valve opening time of 45 ms the dispensed volumes of well 2 are the smallest, 
while the dispensed volumes of well 4 are the largest. In the second channel system, the 
dispensed volumes at a dispensing time of 10 ms range from 1.5 nl in well 3 to 70.3 nl in well 4 
(figure 5.13 b), the standard deviations are 0.6 nl and 5.9 nl, respectively. At a valve opening 
time of 200 ms the dispensed volumes are between 719.2 nl in well 3 and 1980 nl in well 1. The 
standard deviations are 28.3 nl and 26.2 nl, respectively. 
  
Figure 5.13. Dispensed volumes of both channel systems of a microfluidic device VT3. The 
results of the channel belonging to the inner reservoir are shown in a) and of the outer 
reservoir are shown in b).  
5.5 Fermentation experiment 
5.5.1 Materials and methods 
The microbioreactor has been used to cultivate E. coli K12 (DSM 498) in the terrific broth (TB) 
medium. All cultivations were carried out in a temperature-controlled room of the Institute of 
Biochemical Engineering at 37°C, where the measurement system was built up. During 
cultivation, the pH and the scattered light signal are monitored online as described above. The 
microfluidic device dispenses ammonia hydroxide and phosphoric acid (both 2 mol l-1) to control 
the pH in two wells. Ammonia solution was chosen as base in order to prevent the formation of 
particles, which was observed in the previous fermentation experiment while using sodium 
hydroxide as base. The other wells served as references. A LabView (National Instruments, 
Austin, TX, USA) program evaluates the signals from the pH 1-mini, calculates the amounts of 
acid or base and drives the pneumatic valves that actuate the microfluidic device. In addition to 
the last fermentation experiment, the program now utilizes a PI controller for calculation and 
adaption of dispensing times. The pH set point is 7.2. The maximum dispensing times for acid 
and base are set to 20 s. The dead band in which no action occurs is ± 0.05 pH units of the set 
point. Every 2 min, the pH is measured and, if necessary, fluids are dispensed.  
To support oxygen supply to the medium and mixing of the culture, shaking of the 
microbioreactor array is carried out with a frequency of 800 min-1 and a shaking diameter of 
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3 mm on an orbital shaking machine (Kühner GmbH, Birsfelden, Switzerland). As described in 
literature (Kensy et al. 2005b), this high shaking frequency is necessary to achieve at least a 
moderate oxygen supply to the culture liquid. However, with an oxygen transfer rate of 30–
40 mmol (l h)-1, these conditions are sufficient to allow a moderate growth rate of the E. coli 
culture (Losen et al. 2004). But, these conditions are also not sufficient to fulfill the high oxygen 
demand of a growing E. coli culture in the TB medium (maximum: 110–120 mmol (l h)-1). 
Additionally, the continuous shaking of the microtiter plate keeps the bacteria cells in 
suspension and guarantees uniform measurement conditions. Each well was filled with 700 µl 
cell suspension. 
5.5.2 Results 
The fermentation of an E. coli K12 culture has been monitored for 18 h. The scattered light signal 
and the pH are shown for a pH-controlled well (figure 5.14 a) and for an uncontrolled well 
(figure 5.14 b). During the first 4 h, the scattered light signal shows no significant alteration in 
both wells indicating the absence of bacterial growth (lag phase). This correlates with the 
stagnation of the pH in this first phase. Between 4 h and 7 h, the first growth phase of the 
bacterial culture is visible, reflected by an increase in the scattered light signal of both cultures. 
During this time, the pH of the uncontrolled cultivation decreases significantly to a value of 6.5. 
The pH of the controlled cultivation is slightly decreasing, but stays always above 7.0.  
At approximately 7 h, an inflection point marks the change of the primary substrate of the 
diauxic growth of E. coli. This point is indicated by a short stagnation of the scattered light signal 
due to an interruption of bacterial growth. Moreover, this change is visible as a change of the pH 
progression. The pH value of the uncontrolled culture increases significantly after this diauxic 
substrate change up to a value of 9 until approx 15 h. After this time, the end of the bacterial 
growth in this well is indicated by a stagnation of the scattered light signal. In this second phase, 
the pH value of the controlled culture is held accurately in between the dead band of ±0.05 pH 
around the set point of 7.2. 
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Figure 5.14. Results of fermentation experiments. The pH value and the scattered light signal 
for a pH-controlled culture (a), and a pH-uncontrolled culture (b). 
The volumes of the ammonia hydroxide and phosphoric acid dosed to the wells of the microtiter 
plate could not be determined exactly. Even though the cultivation was carried out underneath a 
hood flushed with humidified air, evaporation of culture liquid during the cultivation cannot be 
fully avoided. Nevertheless, determination of the culture volume at the end of different 
fermentations revealed that a volume of approximately 50 μl to 70 μl is dosed to each well 
during the fermentation. 
5.6 Discussion 
The FEM simulations of the gaskets show that several combinations of thickness and height are 
appropriate to obtain a gastight seal. These results are achieved even with adverse estimations 
for the material properties. In the considered ranges, at least two thicknesses lead to a correct 
sealing for each height. The contact pressure between the gasket and the microbioreactor of at 
least 220 kPa is sufficient to seal the intended pneumatic valve pressures of 100 kPa. Because 
combinations that lead to small reaction forces are preferred, the following three combinations 
for thickness and height come into consideration: 0.25 mm and 0.5 mm, 0.5 mm and 0.75 mm 
and 0.625 mm and 1 mm. From these combinations, a thickness of 0.5 mm and a height of 
0.75 mm were selected for the fabrication. This set of parameters was preferred to the 
combination with a thickness of 0.25 mm and a height of 0.5 mm, because it can be compressed 
further and allows for a larger safety margin if large height differences have to be compensated. 
Compared to the design with a thickness of 0.625 mm and a height of 1 mm, the gasket ring’s 
inner diameter is larger which is desirable for versatile applications with respect to 
thermoplastic membrane materials. In characterization and fermentation experiments, a 
gastight pneumatic connection was achieved with this gasket type. 
The soft lithographic fabrication of the microfluidic device again offers the advantages of low 
tool costs and rapid production of prototypes. However, the low elastic modulus of PDMS leads 
to large deformations of the microfluidic structures due to external forces. In addition, the 
clamping forces cannot be controlled sufficiently. Therefore, the low elastic modulus of PDMS 
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leads to comparatively large and varying deformations that reduce the cross section of the 
channels and affect the valve function. This leads to varying and hardly predictable valve 
characteristics. If it is necessary to know the characteristics, calibration experiments have to be 
carried out for every microfluidic device after clamping it to the MTP. Microfluidic devices made 
of materials like thermoplastic polymers as an alternative to PDMS might achieve a higher 
reproducibility. But, the realization of precise valves involves more complex fabrication 
processes.  
The range of dispensed volumes from 73.1 nl to 940 nl is suitable to control the pH of 
fermentation experiments and enables the controller to adapt to widely changing fermentation 
conditions. The minimum dispensing volume of 73.1 nl exceeds the smallest required dispensing 
volume of 5 nl, which has been defined in chapter 2.6. But even this comparably large minimal 
dispensed volume was never required during the fermentation experiment. Moreover, the 
overall dispensed volume of about 50 µl to 70 µl and the 81 dispensings result in an average 
addition of 621 nl to 870 nl of pH control media. This shows that rather large amounts of pH 
control media have been supplied in each dispensing cycle. Furthermore, the data of the high-
resolution online measurements allow the controller to compensate the different valve 
characteristics. Therefore, fermentations are almost not affected by the varying behavior of the 
microfluidic devices. The dispensing times from 10 ms to 200 ms are short enough to 
consecutively supply the several wells on a MTP. 
The ability of the described system to control the pH inside a well of the microbioreactor could 
be shown by performing a cultivation of E. coli K12 in a complex TB medium. Again, this 
cultivation medium was chosen for testing the pH controller, because it causes a decrease as 
well as an increase of the pH during E. coli cultivation. This was clearly observable in the 
uncontrolled reference cultivation. The decline of the pH in the first growth phase on glycerol as 
a carbon source is caused by the uptake of alkaline nitrogen from the medium. The anaerobic 
production of acids during oxygen limitation enhances this effect. Since the controller reaches its 
capacity (maximum dispensing time of an ammonia hydroxide), the pH in the controlled culture 
slightly decreases too. However, this decrease of 0.2 pH units is relatively moderate, compared 
to the decrease of approximately 0.7 pH units in the uncontrolled cultivation. The increase of the 
pH during the second growth phase results from the consumption of the formally produced 
acetate and the release of the nitrogen compounds in the medium due to the metabolization of 
proteins (Losen et al. 2004). The strong increase of the pH observable in the uncontrolled culture 
could be balanced well inside the applied dead band of 0.05 pH units by dispensing phosphoric 
acid to the cultivation.  
The dosage of the pH adjusting solutions does not lead to a significant dilution of the culture 
medium. The volume increase during a fermentation of E. coli in the TB medium was less than 
10%. Nevertheless, in future experiments this value will be further reduced. After the successful 
proof of principle with the soft lithographic produced PDMS prototypes, the microfluidic device 
will be realized in thermoplastic polymers. Since they possess higher resistance to chemicals, the 
relatively low concentrations of the ammonia hydroxide and phosphoric acid of the described 
experiments could be increased and the necessary dosing volumes will be smaller.  
The principle correlation of the scattered light signal to biomass concentration was shown in 
literature (Hancher et al. 1974; Janelt et al. 2000; Zimmermann & Raebiger 2006). For the 
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described experiments, the scattered light signal cannot be matched exactly to the biomass 
development. The main reason for this is the microfluidic device building the bottom of the 
microbioreactor. The microfluidic device and the PMMA base plate are approximately 10 mm 
thick. By the relatively long measurement distance with different materials to cross, the 
scattered light signal is influenced significantly. The absolute values of this signal can therefore 
not be interpreted. However, the bacterial growth can be observed in principle in both 
cultivations. The growth phase in the pH-controlled culture seems to last longer compared to the 
uncontrolled cultivation. A detailed investigation and explanation of the influence of pH control 
on bacterial growth is not the focus of this work and is discussed in studies of the department of 
biochemical engineering. Here, the design concept of the microbioreactor and its connection to 
the external hardware were successfully proven and the system was applied for first bacterial 
cultivations. 
The pneumatic interface works reliably in characterization and fermentation experiments in a 
clean room environment at room temperature as well as in a constant-climate room at 37°C 
under shaken conditions. In addition, the interface could be integrated in existing measurement 
systems and does not interfere with the optical online monitoring. This interface significantly 
reduces the manual effort for establishing the pneumatic connections compared to the earlier 
approaches. The interface does not only lead to a reduction of preparation time, it also rules the 
error-prone manual connection out, because this system offers an explicit assignment between 
valves and external hardware. So far, no pneumatic interface exists in literature, which allows 
the establishing of up to 48 or even 92 pneumatic connections in a microbioreactor in the scale 
of MTPs within one clamping step. Thereby, the third research objective listed in chapter 2.6 is 
accomplished with the described interface.  
During the characterization experiments, it appeared that the microfluidic device VT3 reacts 
more sensitively to clamping forces than the previous type VT2. In the microfluidic device of VT2, 
the valves are positioned near the wells, where the PDMS is able to deflect into the wells. Here, 
the stresses are reduced by at least one third compared to the position of the valve arrays 
(figure 5.8). Most likely, the increased stresses lead to a compression of the valves that interfere 
with the dispensing properties. The FEM simulation of the valve reaction showed that a 
compression to 38% of the initial valve chamber height occurs. A complete closure of the most 
stressed valve is observed at a load factor 1.7 compared to standard operating conditions. 
Therefore, a complete closure of valves at normal operation conditions is not expected. But, the 
safety margin is small and even partial compressions may affect the dispensing characteristics.  
This restriction of the PDMS microfluidic devices shows the need for more robust devices. Up to 
now, the advantage of an easy fabrication of PDMS devices predominates its functional 
limitations, but the experimental results reveal that an improved performance is hardly 
achievable with this material. The low reproducibility of dispensing makes it more difficult to 
gain quantitative information of fermentation processes. Furthermore, the increased optical 
path length through the base plate and the microfluidic device of approximately 10 mm reduces 
the sensitivity of the pH and especially the scattered light measurements. The disadvantages of 
this microbioreactor mainly result from the elastomeric properties of PDMS. Since the 
microbioreactor VT3 has been tested successfully in fermentation experiments, it now forms the 
112 5 System integration 
 
basis for the development of prototypes made of more rigid materials in advance of a series 
production.  
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6 Microbioreactors with microfluidic devices 
made of SU 8 
In the fermentation experiments described in chapters 4 and 5, the concept of MTP based 
microbioreactors has proven to comply with the demands defined in section 2.6, as it offers a 
high degree of parallelization in a standard format of 48 well MTPs. Furthermore it allows a 
flexible design of experiments combined with a dynamic process control and, if required, is able 
to precisely dispense fluids within a wide range of viscosities. However, these PDMS based 
microfluidic devices have major drawbacks: The devices are highly sensitive to deformations and 
external forces. The comparably large optical path length limits the resolution of optical 
measurements, especially the scattered light measurement. And finally, these devices have to be 
handled carefully and with require experienced staff.  
The next generation of microbioreactors, VT4, must be designed as a preliminary stage that can 
be realized in batch production and it must be easy to use in routine operation. This is facilitated 
by using a commercially available MTP in VT4. The employed MTP has been developed by the 
BioVT and brought to market by m2p-labs within this research project. The shape of the wells 
has been optimized for a high gas transfer in batch fermentations. Using this MTP, a highly 
parallelized microbioreactor is yielded by replacing the standard PS bottom plate with a thin 
microfluidic device. The pneumatic interface described in the previous chapter is ideally suited 
for the connection with the external hardware and can thus also be applied in VT4.  
A series production of high grade microfluidic devices is usually carried out by injection molding 
or hot embossing, because of the high precision and moderate cost at high quantities. This 
method also allows the processing of biocompatible and optically transparent materials as for 
instance PS. Thereby, the microfluidic devices would benefit from the high elastic modulus 
compared to PDMS, which reduces deformations and allows the design of thin microfluidic 
devices with short optical path lengths. But tool costs for injection molding are too high for the 
fabrication of demonstrators. Therefore, an alternative fabricating process is required during the 
design phase, as the photolithographic structuring of SU 8, which is a proven method for the 
fabrication of microfluidic devices. SU 8 offers mechanical properties comparable to 
thermoplastic materials and it is chemically more durable than PDMS. SU 8 shows a high optical 
transmittance above a wave length of 400 nm (Kuo et al. 2007), which makes it suitable for the 
fluorescence based online monitoring.  
The microfluidic channel system can be fabricated completely in SU 8, but the membranes have 
to be realized in more ductile materials, such as thermoplastic or elastomeric films. 
Furthermore, films with a lower elastic modulus are generally preferred, because the valve 
membrane must offer large deflections in order to allow a particle tolerant operation. At best, 
the membrane material could later be bonded or laser welded to thermoplastic microfluidic 
devices. Since SU 8 is an epoxy based cross-linked polymer that cannot be welded to 
thermoplastic materials, a permanent bond can only be achieved with the use of adhesives.   
Therefore, the following chapter concentrates on 1) development of a multilayer microfluidic 
device made of SU 8, 2) identification of suitable valve membranes, 3) development of a bonding 
process between the valve membrane and the microfluidic device, 4) evaluation of mechanical 
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and chemical durability of the membrane materials, 5) characterization of time controlled 
dispensing and 6) reproducible pumping of fluids with a wide range of viscosities.  
6.1 Materials and methods 
6.1.1 Design of microbioreactor and microfluidic device 
The configuration of microbioreactor VT4 resembles the previous concept studies. The layout of 
wells, reservoirs and the valve array has been adopted (figure 6.1). The main difference results 
from the change of the material. Because of the comparably high strength and stiffness of SU 8, 
the microfluidic device will become much thinner than the PDMS based. Membranes of 
dissimilar materials, which offer a higher ductility and a lower stiffness, are required to take over 
the valve function. Since membranes made, for instance, of thermoplastic polymers cannot be 
integrated inside of a multilayer microfluidic device, the membrane must be attached to the 
outer face of the microfluidic layer. Here, the membrane is in direct contact with the PDMS 
gasket of the pneumatic interface. As the layout of the valve array has been taken over from 
VT3, the pneumatic interface can be reused with minor modifications. As no base plate exists in 
VT4, the height of the steel tubes has to be reduced to 1 mm. The PDMS gaskets form the valve 
chamber that allows the deflection of the valve membrane. Therefore, a pneumatic layer can be 
set aside.  
 
Figure 6.1. Schematic cross section of microbioreactor VT4. The bottom of the MTP is replaced 
by a three-layer microfluidic device made of SU 8. The arrangement of two reservoirs and four 
wells aligned in a row is adopted from VT3.  
The microbioreactor VT4 mounted on a test board is shown figure 6.2. The reservoirs are sealed 
with a cover plate consisting of two parts. An upper plate, made of 5 mm thick PMMA, carries 
the pneumatic quick couplings. A lower PDMS layer with a thickness of approximately 3 mm 
seals the connection to the MTP. Screw nuts with a M2.5 thread are pressed into the gaps 
between the reservoirs of the MTP and are fixated with an adhesive (AD 1859, Delo). These nuts 
are used to fasten the cover plate. The cover plate allows applying a gas permeable membrane 
over all wells and reservoirs, if the membrane is perforated at the screw nuts. The 
microbioreactor is fixed on the test board or the shaker plate with clamping brackets (figure 6.2). 
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They grip the circumferential edge of the MTP. Three brackets are placed on each long side of 
the MTP to achieve a homogenous distribution of clamping forces. 
 
Figure 6.2. MTP based microbioreactor VT4 mounted on a test board. The test board uses the 
same pneumatic interface, which is shown in figure 5.2. The reservoirs are pressurized via a 
PMMA plate with a sealing PDMS layer.  
The bottom surface of the MTP is comparably uneven and rough. Thus it does not permit the 
direct bonding of a microfluidic structure with open channels. The fluid layer has to be covered 
towards the MTP. Consequently, the microfluidic device has to consist of three layers: 1) the 
contact layer with through holes connecting the wells and reservoirs to the fluid channels, 2) the 
fluid layer carrying the fluid channels and 3) the valve layer that contains through holes from the 
fluid channels to the valve seat. These through holes are covered with the valve membrane 
(figure 6.3 a). The valve membrane is pressed to the microfluidic device by the PDMS gasket 
rings in order to prevent fluid leakages. Within the gasket rings, the membrane is able to deflect 
and allows a fluid flow between the valve holes (figure 6.3 b). The valves are aligned in the same 
array of 3 by 4 with a pitch of 4 mm as in VT3. Therefore, the existing pneumatic interface and 
shaker plate can be reused.  
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Figure 6.3. Detail of the microfluidic device with the membrane and the PDMS gasket. In VT4 
the valve step is realized by two through holes in the valve layer. a) The valve is closed by a 
applying a pneumatic pressure of 50 kPa in the valve chamber, which presses the membrane 
to the valve seat. b) If the valve pressure is released the pressurized fluid is able to deflect the 
membrane and to flow from the reservoir to the well.  
The outer side of the valve layer is well suited to carry the valve seat, because it adjoined the 
substrate wafer during the photolithographic structuring and thus provides a small surface 
roughness. Similarly to the PDMS valves, the reservoir pressure opens the valve by lifting the 
membrane from the valve seat. In contrast to the PDMS valves, the valves of VT4 can be opened 
at smaller reservoir pressures of 5 kPa to 10 kPa instead of 60 kPa. Typically, a valve pressure of 
50 kPa is applied to close the valves.  
The layout of the microfluidic device of VT4 is shown in figure 6.4. The division into rows with 
two reservoirs and four wells is identical to the microbioreactor VT3. The valve array is again 
placed below the reservoirs. In contrast to the PDMS based devices, no space for screwed 
fastenings is required and the photolithographic structuring of SU 8 allows high integration 
densities of channels and through holes. Therefore, all rows on a MTP can be utilized in 
principle. VT4 has been restricted to six rows and a base area of 80 mm square because of the 
intended fabrication on 6” wafers.  
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Figure 6.4. Layout of the microfluidic device. The microfluidic device is segmented in six rows 
with an independent fluid supply. The outlet valves control the fluid flow to the corresponding 
wells in time controlled dispensing mode. In pump mode the upstream inlet valves and pump 
chambers are used for metering defined fluid volumes. 
The valve chamber of the PDMS based devices allows a limited membrane displacement, which 
is important in order to dose defined fluid volumes in pumping mode. As this is not provided 
directly by the gasket design in VT4 (figure 6.5 a), cylindrical inserts made of brass have been 
fabricated, that are placed in the gasket rings (figure 6.5 b). The inserts contain a through hole 
and a cylindrical depression. The inserts are in contact with the membrane, pressing it to the 
valve layer. Within the cylindrical depression, the membrane is able to deflect. Since the 
depressions are comparably flat, they restrict the movement of the membrane. The height of 
the depression is 50 µm in case of valve chambers or 100 µm in case of pump chamber. The 
diameter of the depression is 2 mm. The outer diameter is 2.8 mm and the height 0.6 mm. The 
diameter of the through hole is 0.4 mm.  
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Figure 6.5. Schemes of a standard valve (a) and a valve equipped with an insert made of brass 
(b). The insert ensures defined membrane deflections in contrast to the standard valve. These 
inserts are used in valve chambers as well as in pump chambers and are a prerequisite for 
reproducible pump volumes. The diameter of the cylindrical cavity is 2 mm and the height is 
50 µm in case of valve chambers and 100 µm in case of pump chambers. 
The distance between the valves and the corresponding wells increases with the well number, 
which in turn leads to increasing flow resistances to the outer wells. The channel lengths range 
between 21.5 mm to well 1 to 79.3 mm to well 4. Table 6.1 shows the flow resistances of 
channels with a quadratic cross section and an edge length of 125 µm. The flow resistance is 
approximated with equation 3.5. The fluid resistance of valves has been neglected, because the 
length of valves is small compared to the channels and the cross section of an open valve is 
larger than the cross section of a channel (compare with chapter 3.2). The flow resistance to 
well 4 is 2.8 times higher than the flow resistance to well 1.  
Table 6.1. The flow resistance of channels to wells 1 to 4 with quadratic cross section. The 
height and the width of the channels is 125 µm.  
Well number 1 2 3 4 
Channel length [mm] 31.3 44.6 66.5 88.4 
Flow resistance 
[10
12 
Pa s m
-3
] 
3.64 5.19 7.74 10.3 
 
As the time controlled dispensing is mainly influenced by the flow resistance, the resistances of 
all channels must be equal, if a comparable dispensing characteristic is requested for all four 
wells. Since the channel lengths and their height are fixed, the easiest way to achieve equal flow 
resistances is to vary the channel width. The flow resistance of channels with rectangular cross 
sections can be approximated with equation 3.6.  
A variant of a microfluidic device VT4 has be equipped with channel systems of variable channel 
width in order to achieve comparable flow resistances for all four wells. The flow resistances 
were matched by adjusting the channel width. Again, the valve resistance is neglected and all 
channel sections between the reservoirs and the wells are considered for the calculation of the 
6.1 Materials and methods 119 
 
 
flow resistance. Between the reservoirs and the valves, the channel width remains constant at 
125 µm. The width of the channels has been varied between the valve array and the wells. The 
widths of the channels 1 to 4 are 95 µm, 135 µm, 180 µm and 220 µm, respectively. The distance 
between the channels is 325 µm. This leads to a width of 1.93 mm for a complete fluid channel 
bundle. The flow resistances of the adapted channels are comparable to the channel 2 or 3 in 
unmatched microfluidic devices, depending on the channel height. In order to sustain the same 
width of fluid bundles as in the unmatched devices, a lower flow resistance could not be chosen. 
The flow resistances, which are obtained with channel heights between 110 µm and 140 µm, are 
listed in table 6.2. The maximum deviation of flow resistances within one channel bundle ranges 
from 1.8% (channel height 130 µm) to 8.0% (channel height 110 µm).  
Table 6.2. The widths of the channels to wells 1 to 4 are varied in order to match their flow 
resistances. The individual channel widths and the resulting flow resistances for several 
channel heights are listed.  
Well number 1 2 3 4 
Length of adapted 
channel section[mm] 
21.5 35.5 57.4 79.3 
Channel width [µm] 95 135 180 220 
Channel height  
[µm] 
Resulting flow resistances for the given heights  
[10
12 
Pa s m
-3
] 
Max. deviation 
[%] 
110 7.61 7.87 8.02 8.25 8.0 
115 6.94 7.19 7.29 7.45 7.0 
120 6.38 6.61 6.69 6.78 5.9 
125 5.90 6.02 6.09 6.12 3.5 
130 5.62 5.66 5.72 5.70 1.8 
135 5.09 5.28 5.34 5.26 4.7 
140 4.88 4.87 4.67 4.82 4.3 
 
6.1.2 Fabrication process 
The fabrication of microbioreactors is subdivided in four sections. Within the first section, the 
single SU 8 layers of the microfluidic device are structured (figure 6.6 1-3). During the second 
section, the SU 8 layers are bonded to achieve enclosed SU 8 channels (figure 6.6 4 and 5). This 
second section of the fabrication process is similar to (Patel et al. 2008). In the third section, the 
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microfluidic device is bonded to the MTP (figure 6.6 6). Finally, the valve membrane can be 
bonded to the microfluidic device in a stamping process (figures 6.8 to 6.10).  
The fabrication of the SU 8 layers is carried out with photolithographic processes using the resist 
type SU 8-100 (micro resist technology). High resolution transparency films printed with a 
resolution of 25,400 dpi are used as photo masks (Koenen). Since enclosed channels cannot be 
fabricated directly, two parts of the fluid device are fabricated separately and are subsequently 
bonded. Thus, two silicon wafers with a diameter of 6” serve as substrates. The wafers are 
covered with a 1 µm thick layer of aluminum. This layer is needed as a sacrificial layer for 
releasing the SU 8 layers. The wafers are pretreated in oxygen plasma to remove organic 
contaminations that could reduce the adhesion of SU 8 layers. This process step is carried out in 
an IPC 4005 plasma stripper for 5 min at a power of 350 W and an oxygen flow of 300 sccm at a 
pressure of approximately 50 Pa. Subsequently, the wafers are stored on a hotplate at a 
temperature of 150 C prior to spin coating in order to prevent the adsorption of water. The first 
wafer, which will carry the contact layer, is coated with an approximately 130 µm thick SU 8 
layer using a RC 8 spin coater (Karl Suess). The spin coating is divided in two phases. During the 
first phase, the SU 8 is evenly distributed over the wafer at a rotational frequency of 500 min-1 
for 5 s. In the second phase, the frequency is increased to 2250 min-1 within 1.25 s and is then 
held for 15 s. The second wafer, which carries the valve layer and the fluid layer, is spin coated at 
a rotational frequency of 3000 min-1 in order to achieve a valve layer with a thickness of 
approximately 125 µm. After the spin coating, the wafers are placed on a hotplate. Within a 
waiting period of 5 h, the surfaces of the highly viscous photoresist are allowed to flatten. 
Afterwards the hotplate is heated to 65°C within 40 min. This temperature is held for 8 h, before 
the temperature is reduced to 25°C within 2 h. Subsequently, the wafers are exposed with a 
dose of 600 mJ cm-2, referring to the i-line, using a mask aligner MA 6 (Karl Suess). On the first 
wafer, the shape of the contact layer with the through holes to reservoirs and wells is structured 
with a corresponding mask. The second wafer is structured with a mask containing the outline of 
the valve layer with the through holes at the valve array. After that, the exposed SU 8 is cross 
linked on a hotplate by raising the temperature from room temperature to 65°C within 40 min. 
This temperature is held for 1 h and then reduced to room temperature within 1 h.  
Instead of developing both wafers after the first lithography, they are again spin coated with an 
additional SU 8 layer of 125 µm thickness after cross linking (figure 6.6 2). The second SU 8 layers 
are processed with the same parameters as described above. Alignment cylinders are structured 
on the first wafer and the fluid layer is defined on the second wafer. The alignment cylinders are 
used for orienting the two layers of the microfluidic device in conjunction with through holes in 
the fluid and the valve layer. The wafers are developed, after the second layer is exposed and 
cross linked, using the developer mr-Dev 600 (micro resist technology). The development takes 
approximately 20 min. The development after the second structuring offers the advantage, that 
the planar surface of the first SU 8 layer is preserved for the second spin coating resulting in an 
even topography of the second layer. Flat surfaces are necessary for the bonding of the 
subsequent fabrication steps. 
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Figure 6.6. Schematic representation of the fabrication process. 1) Contact and valve layer are 
structured by photolithographic methods on silicon wafers with an aluminum sacrificial layer. 
2) In a second SU 8 layer alignment cylinders and fluid channels are defined, respectively. After 
the development and etching of the sacrificial layer (3), the contact layer is coated with a SU 8 
layer, which serves as adhesive (4). Finally, both parts of the microfluidic device are bonded (5) 
and the composite is attached to a MTP (6). 
Prior to bonding, the SU 8 layers have to be released from the substrate wafers. This is achieved 
by etching the aluminum sacrificial layer in a potassium hydroxide solution with a concentration 
of 20%. During the etching of aluminum oxide (equation 6.1) and aluminum (equation 6.2) in a 
potassium hydroxide solution, potassium tetrahydroxoaluminate is formed (Mortimer & Müller 
2003). The formation of hydrogen bubbles induces a convective current in the gap between the 
SU 8 layer and the substrate, which supports the etching. In most cases, the release of a SU 8 
layer takes less than 5 min.  
 2 ¦¤ , -¤P ,  3 -¤ ¥ 2 ¦(¤)H (6.1) 
 2 ¦¤ , 2  , 6 -¤ ¥  2 ¦(¤)H ,  3 - (6.2) 
Afterwards, the SU 8 layers are rinsed with DI water and dried in a nitrogen stream. Then, the fit 
of alignment cylinders and alignment holes is tested. If the cylinders do not fit into the alignment 
holes, they can be enlarged manually with a sharp injection needle. After the fit has been 
successfully tested, both layers are separated and the surfaces are cleaned with isopropyl 
alcohol and dried in a nitrogen flow. 
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The bonding process starts with the application of a thin SU 8 layer on the contact layer 
(figure 6.6 4). This thin SU 8 layer serves as an adhesive. At first, the outer side of the contact 
layer is covered with an adhesive polymer film (dicing tape 1003R, Ultron Systems). This film 
protects the backside of the contact layer against contamination with the SU 8 adhesive. One 
main characteristic of the dicing tape is the comparably low adhesion force, which facilitates the 
removal of the tape without damaging the contact layer.  
The protected contact layer is then covered with a thin layer of adhesive by spin coating. 
Preliminary tests showed that the thickness of the adhesive must be approximately 10 µm. The 
adhesive consists of SU 8-100 diluted with mr-Dev 600 in a weight ration of 2.5:1. The required 
thickness is achieved at rotational frequencies in the range of 800 rpm to 1000 rpm for a 
duration 30 s. As a process control, a 4” test wafer with a 30 nm titanium adhesion layer is 
coated in advance of every batch of contact layers. After the evaporation of the solvent on a 
hotplate, the thickness of the adhesive is measured using a Profilometer (P-10, KLA-Tencor). If 
the measured thickness is acceptable, the contact layer is coated with the same parameters. 
Adhesive thicknesses that lead to acceptable results are evaluated in the course of process 
development and are stated in chapter 6.2.1.  
After coating, the contact layer is placed on a hotplate, where the solvent is evaporated at a 
temperature of 65°C for 20 min. An excessive edge bead is removed manually with a foam tip, 
which has been soaked in mr-Dev 600. This reduces the risk of blocked channels near the edge of 
the microfluidic device. Additionally, a better fit of the alignment cylinders is achieved. After the 
hotplate procedure, the dicing tape is removed from the contact layer. Then, the contact layer is 
placed on a glass plate and the composite of fluid and valve layer is adjusted to the alignment 
cylinders (figure 6.7). If a contact over the complete surface is achieved, the glass plate with the 
SU 8 layers on top is placed in a PE bag. A cleanroom wiper is laid over the SU 8 layers to attain a 
homogenous distribution of vacuum. Finally, a vacuum tube is positioned above the cleanroom 
wiper, the PE bag is closed and evacuated. The vacuum results in an evenly distributed contact 
pressure over the surface of the SU 8 layers. Since a reflow of the adhesive is required, the 
vacuum bag is placed in a convection oven that is heated to 65°C for 15 min. After removing the 
bag from the oven, the vacuum is immediately turned off and the bag is placed in the mask 
aligner. The adhesive is exposed through the glass plate with a dose of 500 mJ cm-2 referring to 
the i-line of the mercury-vapor lamp. Subsequently, the whole setup is again heated in the 
convection oven at 65°C for 15 min to crosslink the exposed adhesive. Now, both parts of the 
microfluidic device are irreversibly bonded.  
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Figure 6.7. Schematic cross section of the bonding setup. The layers of the microfluidic device 
are laid on a glass plate and covered with a cleanroom wiper. Together with a vacuum tube 
the glass plate is placed inside a PE bag. After vacuum is applied, this setup is heated up in a 
convection oven and subsequently exposed through the glass plate.  
In the third section of the fabrication process, the microfluidic device is bonded to the MTP. At 
first, the outer side of the contact layer is cleaned with isopropyl alcohol to remove residues of 
the dicing tape. Then, the microfluidic device is aligned to the wells of the MTP and fixated at 
one side with adhesive tape. The adhesive tape allows removing the microfluidic device from the 
bottom of the MTP by flapping aside. This is necessary, because during the next fabrication step 
the surfaces are pretreated in oxygen plasma to enhance the adhesion of the epoxy adhesive. 
The plasma treatment is carried out in a Plasmaline 415 reactor for 12 s at a power of 200 W, an 
oxygen flow of 30 sccm and a pressure of 1.3 Torr. Right after the plasma treatment, the 
adhesive AD 1895 (Delo) is applied to the areas in-between the wells with a pneumatic dispenser 
and an injection needle with a diameter of 0.3 mm. If thin lines of adhesive have been applied, 
the microfluidic device is flapped back to the MTP. As the MTPs are stackable, a second MTP 
with a load of 1 kg is laid upside down onto the microfluidic device to achieve a planar contact in 
the bonding area. This setup is then placed in a convection oven, where the adhesive cures at 
40°C for at least 5 h. The microbioreactor is now ready for use in fermentation experiments, if 
the membrane does not have to be fixated to the valve layer.  
Otherwise, the membrane can be bonded to the MTP, which is carried out in the fourth section 
of the fabrication process. A bonded membrane can facilitate setting up the experiments, 
because leakages are ruled out and sterile conditions can be easier maintained. Although epoxy 
based adhesives offer a good adhesion to SU 8, their adhesion to many polymer films, especially 
to PE, is rather weak.  
Therefore, a plasma enhanced bonding process is developed, which uses a structured PDMS 
stamp in order to protect the valve seat against the intrusion of adhesive. As in the previous 
fabrication step, the epoxy based adhesive AD 1895 is used. The bonding process consists of the 
following six steps: 
1) Attaching the membrane to the stamp, cleaning the membrane 
A PDMS stamp with an array of 1 mm high cylinders and a diameter of 3.3 mm serves as  
support for the membrane (figure 6.8 a). The membrane is attached to the stamp and is 
cleaned with isopropyl alcohol. The purpose of the cylinders on the stamp is to cover the 
valve seats, when the stamp is pressed to the microfluidic device.  
2) Pretreatment in oxygen plasma 
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Pretreatment in oxygen plasma increases the surface energy of the membrane and 
generates chemically reactive groups (Tang & Lee 2010). The membrane is treated in a 
Plasmaline 415 reactor with a power of 200 W, an oxygen flow of 30 sccm and a 
pressure of 1.3 Torr for 12 s.  
3) Dispensing of adhesive 
Immediately after the plasma treatment, the adhesive AD 1895 is deposited on the 
membrane (figure 6.8 b). Thin lines are applied between the cylinders with a pneumatic 
dispenser and a canula with a flat tip and a diameter of 0.25 mm.  
 
Figure 6.8. a) PDMS stamp with a polypropylene membrane. The cylinders have a diameter of 
3.3 mm and a height of 1 mm. b) After a surface activation in an oxygen plasma, an epoxy 
based adhesive (AD 1895) is applied around the cylinders.  
4) Alignment of stamp and microfluidic device 
The alignment between the PDMS stamp and the microfluidic device is carried out 
optically. The employed alignment device is shown in figure 6.9 a. The PDMS stamp is 
attached to the upper PMMA plate. The adhesion force between both surfaces is strong 
enough to carry the stamp without any clamping. The MTP with the fluid layer is placed 
on the positioning stage of the alignment device and the valve array is aligned to the 
stamp. Then, the upper plate is lowered until both parts are in contact (shown in 
figure 6.9 b with a test substrate).  
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Figure 6.9. The alignment device is used to overlay the cylinders with the valve array on 
the microfluidic device (a). The cylinders of the PDMS stamp prevent the adhesive from 
flowing into the active valve areas (b). 
5) Curing 
The cylinders of the stamp press the membrane to the fluid device and thereby prevent 
the adhesive from flowing into the valve area. The PMMA plate of the adjustment unit is 
heavy enough to create a sufficient contact pressure that provides a firm contact of all 
cylinders with the substrate. The contact pressure must be maintained as long as the 
adhesive is able to flow in order to prevent blocked valves.  
6) Removal of the stamp 
After approximately 2 h, the microreactor is taken out of the adjustment unit and the 
stamp is removed. Then, the microreactor is placed in a convection oven at 40°C for 10 h 
for a complete curing. Afterwards, the membrane can be cut to the extent of the valve 
array. The final state of the bonded membrane is shown in figure 6.10. 
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Figure 6.10. Membrane bonded to test device covering two valves. The device is made of 
PMMA with milled channels with a width of 0.5 mm. 
Adhesion, resulting from this bond process, is tested with peel tests of membranes bonded to 
glass slides. Plasma pretreatment and curing are the same as described above. The adhesive is 
applied in lines across the glass slide. The distance between the lines is at least 1 cm. The 
membrane is pulled manually in perpendicular direction to the glass slide. The bond strength has 
been considered sufficiently high, if the membrane tears without breaking the bond. The bond 
strength is considered too weak, if the membrane can be pulled off the adhesive or if the 
adhesive completely breaks. Initially, it is assumed that the bond between the membrane and 
the adhesive is weaker than the bond between the adhesive and the glass substrate or the 
microfluidic device, respectively. The test is conducted with four membranes: 1) an 8 µm thick 
PC membrane, 2) a 4 µm thick PP membrane, 3) a 15 µm thick PE membrane and 4) a 25 µm 
thick PE membrane.  
6.1.3 Qualification of valve membranes  
After fabrication of the SU 8 microfluidic devices, suitable membrane materials have to be 
identified. The membrane qualification is an essential part of the microbioreactor development, 
as the membrane highly influences the dispensing properties and the robustness of operation. 
This evaluation determines the suitability of the microbioreactors for the intended field of use as 
stated in the requirements of chapter 2.6.  
Since valves can be realized in VT4 by simply pressing a membrane to the microfluidic device 
using the PDMS gasket of the pneumatic interface, membranes are easily exchangeable. Thus, 
several different membranes can be tested using the same microbioreactor. The initial selection 
consists of 15 membranes made of thermoplastic or elastomeric materials. The membranes are 
listed in table 6.3. These are membranes made of the thermoplastic polymers, such as low 
density polyethylene (LDPE), polystyrene (PS), polypropylene (PP), cyclo olefin copolymer (COC), 
polycarbonate (PC), thermoplastic polyurethane (TPU), polyethylene terephthalate (PET) and of 
the elastomeric polymers thermoflex, dryflex and geniomer.  
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Table 6.3. Initial candidates for the use as valve membranes. 
Membrane 
name 
Material Thickness 
[µm] 
 Membrane 
name 
Material Thickness 
[µm] 
PE15 LDPE 15  T300 Thermoflex 300 
PE25 LDPE 25  T500-1 Thermoflex 500 
PS25 PS 25  T500-2 Thermoflex 
170°C 
500 
PP4 PP 4  D300 Dryflex 300 
COC90 COC 90  D500 Dryflex 130°C 500 
PC4 PC 8  G500-1 Geniomer 500 
TPU45 TPU 45  G500-2 Geniomer 
170°C 
500 
PET12 PET 12     
 
The membranes are validated in four functional tests (FT 1 to FT 4), which pose specific demands 
on the membranes. All functional tests are carried out with clamped membranes instead of 
bonded membranes. Membranes that fail during the first two functional tests are not 
considered for the next tests. The membranes, which pass the four functional tests, will later be 
employed in characterization experiments.  
In test FT 1, the beginning of a dispensing experiment is reproduced. The membrane and the 
microbioreactor are mounted onto the pneumatic interface. The reservoirs and the valves are 
pressurized with 15 kPa and 50 kPa, respectively. These pressures are also applied in the 
following functional tests. After applying the reservoir and valve pressure, several consecutive 
dispensings with a length of valve opening of 100 ms are conducted in intervals of 10 s. After the 
tenth dispensing, water must be visible at the contact holes in the wells to obtain a successful 
result. Furthermore, no observable leakage is allowed.  
The tightness of the valves is tested in FT 2. After carrying out FT 1, the valves remain closed, 
while the reservoirs are still pressurized. The dispensed fluid is removed from the wells. For the 
next 6 h no leakage or fluid emersion in the wells should be observed. After this period, the 
activation of the valves is again tested with FT 1.  
During FT 3, the low cycle fatigue of the valve is tested. Within approximately 5:30 h, each valve 
is actuated 20,000 times. This corresponds to an interval of 1 s. The dispensing time is 25 ms. 
The number of actuations is derived from the requirement of 5,000 dispensings of nutrient 
solution as the upper limit during a fermentation experiment. Since the inlet valve and the pump 
chamber are actuated once during each pump cycle, they are actuated four times more often 
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than the valves in front of the wells and the number of dispensing is thus set to 20,000. The test 
is regarded as successful, if no leakage occurs and the valves still open after the test.  
FT 4 evaluates the chemical resistance of the membranes to the pH control media. The 
membranes are stored for two weeks in phosphoric acid with a concentration of 2 mol l-1, in 
sulfuric acid with a concentration of 2 mol l-1, in sodium hydroxide with a concentration of 
2 mol l-1 and in ammonia hydroxide with a concentration of 13.4 mol l-1. After the exposure to 
the pH control media, a reduced fatigue test FT 3 is carried out with water and 5000 actuations. 
This test is necessary to prove, whether a safe operation with potentially hazardous media can 
be expected.  
6.1.4 Characterization of dispensing 
During the membrane qualification, three membranes were considered as suitable for the use in 
the microbioreactor. These comprise the membranes PE15, PP4 and PC4. PE25 shows only minor 
deficits and is therefore included in the pump characterization in order to allow the comparison 
between the simulated and measured pump volumes of an additional membrane sample. The 
complete series of experiments is carried out with clamped membranes instead of bonded 
membranes.  
Time controlled dispensing 
The time controlled dispensing is characterized by fluorescence measurements and by weighing 
of the dispensed fluid as described in chapters 3.4 and 5.4, respectively. The fluorescence 
measurements have been supplemented by characterization experiments based on weighing of 
the dispensed fluid, because the shaker plate of the measurement setup at the BioVT has been 
modified. The modification comprises an enlarged opening below the wells. This was carried out 
in order to attach larger optical components to the optical fiber bundle, which in turn required 
more space below the MTP. But the modified shaker plate provides a smaller contact surface 
between the plate and the PDMS gasket (compare with figures 5.1 and 5.2 a). The smaller 
contact surface interferes with the valve function and results in an unpredictable behavior of the 
first valves, which lead to well 1. The wells 2 to 3 are not affected by the modification. An 
additional difference between the fluorescence based measurement setup at the BioVT and the 
test board used at the IWE are the modified pneumatic tubes. In the BioVT setup, the tubes with 
a length of 120 cm are almost twice as long. The last 20 cm of the pneumatic tubes consist of a 
silicone tube, which is needed for the connection to the pneumatic interface. Both tubes, the 
standard pneumatic tube (PUN 3x0.5, Festo) and the silicone tube (Tygon R-3603, Saint-Gobain) 
are coupled with a polymer tube of a length of approximately 12 mm and an inner diameter of 
0.6 mm. The modified tube is expected to result in a delayed and slightly damped pressure 
transfer, which requires higher dispensing times in the range of a few milliseconds.  
During the experiments with fluorescence based measurements, the pneumatic pressures are 
20 kPa for the reservoirs and 65 kPa for the valves. The reservoirs are filled with a fluorescein 
solution in a concentration of 1 mmol l-1. The wells are filled with 500 µl of phosphate buffer 
with a concentration of 200 mmol l-1 and a pH of 7.5. The dispensing time is varied between 
25 ms and 60 ms. The waiting period between the dispensing in two neighboring wells is 250 ms. 
At least six dispensings are dosed to every well for each dispensing time. The dispensing interval 
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is set to 60 s. At the chosen measurement interval of 10 s, every single dispensing event is 
measured at least five times. The reservoir pressure is 15 kPa and the pneumatic pressure 
65 kPa. The orbital shaker is set to 800 min-1 at a shaking diameter of 3 mm. The criterion for 
determining a dispensing time, at which the dispensing starts, is the dispensing of a volume of at 
least 1 nl.  
The time controlled dispensing is firstly evaluated for the microfluidic devices with quadratic 
cross sections. Secondly, the microfluidic devices with varying channel width have been 
examined. Thirdly, the dispensing interval was varied, in order to verify, whether the dispensed 
volumes are affected. Such a dependency may exist, if the adhesion between the membrane and 
the valve seat depends on the amount of water in the interfacial area. This third experiment was 
conducted using a PP4 membrane and a microfluidic device with quadratic channel cross 
sections. The dispensing time was set to 45 ms. After 15 dispensings with the same dispensing 
interval, the interval is reduced by one half. The examined dispensing intervals are 120 s, 60 s, 
30 s, 15 s and 7.5 s.  
In the characterization experiment based on weighing, also a PP4 membrane and a microfluidic 
device with quadratic cross sections are used. The dispensing time is varied between 10 ms and 
45 ms. The number of dispensings is adjusted in order to achieve a mass of dispensed water 
between 100 mg and 200 mg. The upper limit of dispensings per experiment is 3000. The same 
reservoir and valve pressures of 15 kPa and 65 kPa are applied.  
Pump characterization 
In the first pump characterization experiments, the reproducibility of the integrated pump is 
evaluated. This experiment takes the variation due to mounting the microbioreactor onto the 
shaker plate into account. After each measurement, the microbioreactor and the membrane are 
dismounted from the test board and are again installed prior to the next measurement. The 
measurement and the mounting are repeated six times. The dispensed volume is measured by 
weighing the dispensed fluid (compare with chapter 5.4). During every single experiment, 2000 
dispensings per well are carried out. The time constants of the pump have been set to the 
following values: the pump interval ti is 10 s, the holding time tV is 200 ms and the relaxation 
time tB is 1 s (compare with table 4.1). The reservoir pressure is 20 kPa and the valve pressure is 
60 kPa. The dispensed medium is water and a PP4 membrane is used. The pneumatic interface is 
equipped with the gasket inserts shown in figure 6.5. This experiment is repeated with a second 
identically fabricated microbioreactor.  
Preliminary tests show that the pump volume is approximately 150 nl, whereas the volume of 
the pump chamber insert is approximately 314 nl. Thus, the volume of the insert is obviously not 
completely utilized while loading the pump chamber. Therefore, it is assumed that the 
membrane thickness, the membrane material and the reservoir pressure have a major influence 
on the pump volume. Consequently, the pump volumes obtained with the four membranes 
PE15, PE25, PP4 and PC4 at reservoir pressures within the range of 5 kPa to 50 kPa are evaluated 
in a second set of experiments. The valve pressure remains constant at 60 kPa. The pump 
interval over four wells ti is 10 s and the valve relaxation time tV 200 ms. The pump chamber 
relaxation time tb is set to 1 s, after the relaxation times 0.25 s and 0.5 s have been examined 
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additionally in preliminary experiments using the PP4 membrane. The pumped volume is again 
measured by weighing.  
The measured pump volume is compared with the displaced volume resulting from the 
membrane deflection, which was calculated in a FEM simulation. A two dimensional, rotational 
symmetric model consisting of axisymmetric shell elements (element type Shell209) and contact 
elements (element types Conta172 and Targe169) was setup in Ansys (figure 6.11). The material 
properties are taken from the manufacturer data (Goodfellow 2011). The membrane is clamped 
with a fixed support at the outer edge of the membrane and the bending is suppressed in the 
middle of the membrane. The membrane is loaded with the reservoir pressure. The gasket insert 
is modeled via contact elements, whose movement is suppressed. The contact between the 
gasket insert and the membrane involves a coefficient of friction of 0.25. The analysis type is 
steady state and the analytical model is adapted to alterations in shape during the solution 
process. After the solution, the volume that is enclosed between the deflected membrane and 
the initial state is calculated from the node displacements. This calculated volume is compared 
with the measured pump volume.  
 
Figure 6.11. Model used for determining the membrane deflection inside a pump chamber 
insert. The model is reduced to two dimensions by taking advantage of the rotational 
symmetry. The membrane is modeled by shell elements. The fluid pressure is applied on the 
membrane and the resulting deflection is used to calculate the fluid volume, which is 
contained in the pump chamber. The fluid layer is not included in the FEM model but is shown 
for better clearness.  
The third set of experiments evaluates the pump volumes of glycerol solutions. The utilized 
concentrations are 20%, 40%, 60%, 85% and 99.5%. The corresponding viscosities at room 
temperature are approximately 1.76 mPa s, 3.72 mPa s, 10.8 mPa s, 109 mPa s and 1281 mPa s 
(Segur & Oberstar 1951). Each pump experiment has been repeated three times. The dispensed 
volume is again determined by weighing. These measurements are carried out with a PP4 
membrane at a reservoir pressure of 20 kPa and a valve pressure of 60 kPa. Both, tb and tV are 
set to 1 s for the 20% and the 40% glycerol solution.  
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The viscosities of the three highest glycerol concentrations 60%, 85% and 99.5% increase 
drastically to a value, which is up to 1200 times higher than the viscosity of water. These 
solutions are pumped with a variation of valve relaxation times tv and pump chamber relaxation 
times tb. Thereby, the influence of these parameters on the dispensed volume is evaluated. The 
range of tb is 0.5 s to 24 s and the range of tV is 0.5 s to 3 s. Suitable combinations of tV and tb 
have been selected from preliminary tests.  
Finally, the pumping of a glucose solution containing fluorescein is evaluated using the 
fluorescence based measurement setup. The concentrations of glucose and fluorescein are 
500 g l-1 and 50 µmol l-1, respectively. The experiment is carried out with a PP4, PC4 and PE15 
membrane. tb is set to 4 s and tV to 2 s. The reservoir pressure is 20 kPa and the valve pressure 
60 kPa. The experiment is conducted at a temperature of 37°C. At this temperature the viscosity 
is approximately 2.3 mPa s (Comesana et al. 2003), which is comparable to the 20% glycerol 
solution at room temperature. Therefore, the time constants tb and tV are expected to be large 
enough to allow an unrestricted pump operation.   
6.2 Results 
6.2.1 Results of process development 
The bonding of the SU 8 layers is the most critical process during the fabrication of the 
microbioreactor. The adhesion thickness is found to have a major impact on the success of the 
bonding. The variation of the adhesive thickness results in three characteristic states (table 6.4). 
The listed adhesive thicknesses are obtained from a profilometer measurement of the test 
wafer, which was coated in advance of the SU 8 layers. Adhesive thicknesses between 1.35 µm 
and 8.6 µm result in an insufficient bond, which is characterized by leakages between channels 
or by a delamination of the SU 8 layers. Leakages between channels have been observed once 
even at an adhesive thickness of 10.3 µm. In contrast, adhesive thicknesses larger than 11.0 µm 
lead to an increased flow of adhesive during the compression, which results in blocked channels. 
Correct bonds without blocked channels or delaminations are achieved with adhesion 
thicknesses of 10.3 µm to 11.0 µm. The bond has been classified as acceptable, if at least four 
microfluidic devices in one SU 8 composite are free of the aforementioned defects. Blocked 
channels are found more frequently near the edge of the microfluidic device, because here the 
adhesive thickness is larger due to the edge bead. Based on these results, adhesive thicknesses 
of 10.4 µm to 11.0 µm are accepted during the fabrication process in conjunction with the 
chosen lamination parameters.  
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Table 6.4. The results of the bonding process in dependency of the adhesive thickness. The 
results comprise an insufficient bond with leakages or delaminations at low adhesive 
thicknesses, an acceptable bond at a small range of thicknesses around 10.4 µm to 11 µm as 
well as blocked channels at large adhesive thicknesses.  
Number of 
experiment 
Adhesive thickness on 
test wafer [µm] 
Result 
1 1.35 Insufficient bond 
2 4.6 Insufficient bond 
3 6.7 Insufficient bond 
4 7.0 Both insufficient bond and blocked channels 
5 8.6 Insufficient bond 
6 10.3 Acceptable bond 
7 10.4 Insufficient bond 
8 10.4 Acceptable bond 
9 10.6 Acceptable bond 
10 11.0 Acceptable bond 
11 11.0 Acceptable bond 
12 11.0 Acceptable bond 
13 11.0 Acceptable bond 
14 11.0 Blocked channels  
15 13.2 Blocked channels 
 
The described fabrication process results in an approximately 418 μm thick layer of SU 8. Due to 
internal stress, the corners are bent approximately 5 mm downwards (figure 6.12 a). But, the 
deformation does not impede the bonding to the MTP. A micrograph of a cross section of the 
microfluidic device with three fluid channels is shown in figure 6.12 b. The upper edges of the 
channels have a round shape. This is due to the SU 8 adhesive layer flow into the channels 
during the lamination process. The cracks in the top layer above the channels arise from 
breaking the sample. The channel width a is 115 μm, the channel width c 121 μm and the height 
of the fluid layer b 138 μm, respectively. The measured channel width on the mask is 126.1 μm. 
Therefore, the exposed resist areas extend in average 4 μm into the dark mask regions.  
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Figure 6.12. a) The SU 8 based microfluidic device of VT4. From the valve arrays at the front 
left side fluid channels reach to the well positions. b) Micrograph of the cross section A-A. The 
cross section shows the three layer microfluidic device with three fluid channels. The measure 
a is 115 μm, b 138 μm and c 121 μm.  
The peel test shows that the plasma pretreatment significantly increases the bond strength 
between the adhesive AD1895 and the tested membranes. All four pretreated membranes PE15, 
PE25, PP4 and PC4 break at the bonding zone while they are pulled perpendicular to the glass 
slide. The strength of the bond is therefore rated as sufficiently high for the employment in the 
microbioreactor. In contrast, all membranes, which are not pretreated in oxygen plasma, fail the 
peel test. These membranes can be easily pulled off from the glass slide without affecting the 
adhesive.  
This process is transferred to a microfluidic device VT4 with a PP4 membrane (figure 6.13 a). 
Microbioreactors with bonded valve membranes (figure 6.13 b) have been applied to the 
functional test FT 1, where they showed their functioning in principle (compare with chapter 
6.1.3).  
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Figure 6.13. a) SU 8 based microfluidic device with bonded PP4 membrane. The image shows 
that the active valve areas remain free of adhesive, while edges towards neighboring valves 
and to the outside are sealed. b) Microbioreactor VT4 with a bonded PP4 membrane at one 
valve array.   
6.2.2 Results of membrane qualification 
During the membrane qualification experiment, fifteen membranes are first of all examined 
using the functional test FT 1. Four membranes out of fifteen pass this test (table 6.5). These 
membranes are PE15, PE25, PP4 and PC4. A dispensing could be observed at all eight valves with 
dispensing times as low as 25 ms. The observed failures in FT 1 can be grouped in two 
categories. On the one hand, one or more valves are not watertight, resulting in a leakage into 
the wells or even to the outside of the valve array. On the other hand, membranes fail, because 
one or more valves cannot be opened by the reservoir pressure of 15 kPa.  
The membranes PET12, TPU45, T500, D300, D500 and G500-2 lead to leaking valves. Due to the 
black color of the TPU45 membrane, a creeping of fluid can be observed as it advances through 
the closed valve from one valve hole to the second. Later on, the fluid passes even the PDMS 
gasket ring. The creeping of the fluid is most probably caused by the rough surface of the 
membrane. Similar to TPU45, the membranes D300, D500, G500-2 and T500 also exhibit rough 
surfaces, which may cause the observed leakages. The surface of membrane PET12 is initially 
smooth, but the membrane shows a very high tendency to the formation of wrinkles. 
Apparently, the wrinkles cannot be flattened sufficiently in order to achieve a tight seal. Because 
of the continuous fluid flow, these membranes cannot be used in the microbioreactor and are 
therefore not considered in further functional tests.  
During FT 1, the membranes PS25, COC90, T500-2, G500 and T300 show that the majority of 
valves is blocked and cannot be opened. The elastomeric membranes with thicknesses of up to 
500 µm may transfer clamping forces of the PDMS gasket to the valve seat. The resulting contact 
pressure could be larger than the reservoir pressure and thus block the valves. Although the 
membranes PS25 and COC90 are moderately thick, they do not offer a reliable valve function. 
This may be caused by the comparably high elastic modulus of about 3.1 GPa.  
6.2 Results 135 
 
 
Table 6.5. The results of the functional test FT 1. 
Membrane name Result of FT 1 Observation 
PE15 Pass All tested valves dispense water even at dispensing 
times of 25 ms. 
PE25 Pass All tested valves dispense water even at dispensing 
times of 25 ms. 
PS25 Fail Approximately 15% of the valves open, but no leakage 
has been observed  
PP4 Pass All tested valves dispense water even at dispensing 
times of 25 ms. 
COC90 Fail Valves do not open  
PC4 Pass All tested valves dispense water even at dispensing 
times of 25 ms 
PET12 Fail Leakage in approximately 45% of the tested valves 
TPU45 Fail Leakages at all valves and even to the outside of the 
gasket 
T500 Fail Leakage in approximately 60% of the tested valves 
T500-2 Fail Valves do not open 
D300 Fail Leakages in approximately 60% of the tested valves 
G500 Fail Valves do not open 
G500-2 Fail Leakages in approximately 29% of the tested valves 
T300 Fail Valves do not open 
D500 Fail Leakages in approximately 60% of the valves 
 
Immediately after FT 1, the membranes PE15, PE25, PP4 and PC4 have been applied to the 
functional tests FT 2 in order to verify the watertightness over a longer period. As a result, all 
four membranes did not show any leakages over 6 h. No intrusion of water has been observed in 
the wells. The membranes PE15, PP4 and PC4 also showed a spontaneous dispensing when 
actuated after the waiting period. The membrane PE25 could not be brought to operation at 
even more than 20 actuations with a dispensing time of 100 ms, each. The valves could only be 
reactivated at an increased reservoir pressure of 40 kPa. Therefore, the operation at higher 
reservoir pressures is recommended, when using the PE25 membrane.  
Since PE25 showed only minor failures during FT 2, it was also examined in the last two 
functional tests. In FT 3, the four remaining membranes passed the low cycle fatigue test 
(table 6.6). Here, a continuous dispensing over 20,000 actuations per valve without any failure 
was observed. The resistance against pH control media in FT 4 has been tested with a two week 
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exposure and a consecutive fatigue test. None of the media sodium hydroxide, ammonia 
hydroxide, phosphoric acid or sulfuric acid has an adverse effect on the function of the eight 
valves.  
Table 6.6. Results of the functional tests FT 2 to FT 4.  
Membrane 
name 
Results in FT 2, FT 3 and FT 4, 
respectively 
(+   passed,  
 o   passed with minor failure) 
Observation 
PE15 +, +, +  
PE25 o, +, + Reactivation after the 6 h waiting period is 
only possible with an increased reservoir 
pressure of 40 kPa.  
PP4 +, +, +  
PC4 +, +, +  
 
6.2.3 Results of time controlled dispensing 
Evaluation of membranes PP4, PE15 and PC4 
At first, microfluidic devices with equal channel cross sections are evaluated in experiments of 
time controlled dispensing. The measurement is conducted on the fluorescence based 
measurement setup of the BioVT with dispensing times between 20 ms and 60 ms. In figures 
6.14 to 6.16, the dispensed volumes depending on the dispensing time are shown for the 
membranes PE15, PP4 and PC4. The start of the dispensing of the three membranes is 
additionally shown in figures 6.17. Parts of the measurement data of the three membranes are 
extracted for a comparison of the dispensed volume at the largest examined dispensing time of 
60 ms (figure 6.18). The influence of the dispensing interval on the dispensed volume is shown in 
figure 6.19. The volumes supplied with the resistance matched fluid channels depending on the 
dispensing time are shown in figure 6.22.  
The results of the time controlled dispensing with the PC4 membrane and a microfluidic device 
with quadratic channels is shown in figure 6.14. The dispensing volume is given in dependency of 
the dispensing time. The start of dispensing, i.e., the time at which volumes of 1 nl are exceeded 
for the first time, range from 25 ms to 35 ms. At a dispensing time of 60 ms, volumes from 87 nl 
(well 4) to 266 nl (well 2) are dispensed. Although the channel to well 1 is the shortest, it leads to 
the second largest volume. The reason for the unexpected small dispensing volumes might be 
the aforementioned modification of the shaker plate. The standard deviation averaged over all 
measurements is approximately 13.5% of the absolute values.  
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Figure 6.14. The results of the time controlled dispensing of a VT4 microbioreactor with a PC4 
membrane.  
The volumes dispensed with a PE15 membrane are given in figure 6.15. The start of dispensing 
for the four wells is found between 27.5 ms and 35 ms. At a dispensing time of 60 ms, the 
dispensed volumes range from 79.4 nl to 264.7 nl. Here, the descending order of dispensed 
volumes is from well 2, well 1, well 3 to well 4. The average standard deviation over all measured 
values is approximately 21.0% of the absolute values.  
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Figure 6.15. The results of the time controlled dispensing of a VT4 microbioreactor with a PE15 
membrane. 
Figure 6.16 shows the dispensed volumes depending on the dispensing time for a PP4 
membrane. The start of the dispensing is found at dispensing times ranging from 30 ms to 
38 ms. At a dispensing time of 60 ms, the dispensed volumes in wells 2 to 4 are between 274.6 nl 
and 89.1 nl. In this case, the volume dispensed to well 1 is smaller than the volumes dosed to the 
other wells. This variation is again due to the modification of the shaker plate, which makes the 
behavior at the inner valves hardly predictable. The average standard deviation over all 
measured values is approximately 14.9% of the absolute values. 
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Figure 6.16. The results of the time controlled dispensing of a VT4 microbioreactor with a PP4 
membrane. 
In figure 6.17, the dispensing start for the three membranes PE15, PP4 and PC4 is summarized. 
The dispensing start averaged over all membranes and all wells is 32.4 ms. When averaged over 
the membranes, the dispensing start in well 1, 2, 3 and 4 is 31.0 ms, 28.3 ms, 35.0 ms and 
35.2 ms, respectively. The averaged standard deviation is 2.9 ms. A significant influence of the 
well number on the dispensing start cannot be verified, although the dispensing time tends to 
increase with the well number. This might be due to the increase of channel length between 
valve and well, which might lead to an increased flow back to the reservoir, when the valve 
membrane is pushed back to the valve seat while closing the valve.  
The dispensing time averaged over the wells is 35.3 ms for membrane PP4, 31.3 ms for 
membrane PE15 and 30.6 ms for membrane PC4. Considering the average standard deviation, 
the dispensing start of the three membranes is comparable; a significant difference cannot be 
found based on the available data.  
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Figure 6.17. Dispensing start in wells 1 to 4 with the membranes PP4, PE15 and PC4.  
For comparison, the volumes yielded with a dispensing time of 60 ms are shown in figure 6.18. 
Here, the dispensed volumes are compared that have been dosed with the three membranes to 
the individual wells. With the membrane PP4, a volume of 20 nl is dosed to well 1, while the 
membranes PE15 and PC4 reach volumes of 184 nl and 202 nl, respectively. The large variance in 
well 1 is due to the modification of the shaker plate (compare with chapter 6.1.4). In the other 
three wells no significant difference is found between the volumes dispensed with these 
membranes. In well 2, the difference between the smallest and the largest dispensed volume is 
approximately 10 nl. In well 3 this difference is 9 nl and in well 4 10 nl.  
The dispensed volume averaged over the membranes is 136 nl in well 1, 268 nl in well 2, 157 nl 
in well 3 and 85 nl in well 4. While neglecting well 1, the dispensed volumes decrease with 
increasing channel length. However, the reduction is stronger than expected for pipe flows with 
an inverse proportionality between volume flow and channel length. The volume dispensed into 
the second well and the third well are the 3.2 fold and the 1.9 fold of the volume dispensed into 
the fourth well. Assuming the same cross sections for all channels and an inverse proportionality 
between volume flow and channel length, the volumes in wells 2 and 3 should be the 2.0 fold 
and 1.3 fold of well 4, respectively (compare with table 6.1).  
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Figure 6.18. The dispensed volumes obtained in wells 1 to 4 with the membranes PP4, PE15 
and PC4 at a dispensing time of 60 ms.  
Using a PP4 membrane, the influence of the dispensing interval on the dispensed volumes is 
examined using a microfluidic device with a constant channel width. The results are shown in 
figure 6.19. At the beginning, the dispensing interval is 120 s and is stepwise reduced to 7.5 s. 
The dispensing time remains constant at 45 ms. In general, the dispensed volume slightly 
decreases with increasing dispensing intervals, as in wells 1, 2 and 4 the largest dispensed 
volumes are measured at a dispensing time of 7.5 s. In well 3 the largest dispensed volume is 
found at a dispensing interval of 30 s. The smallest dispensed volumes are achieved with the 
largest dispensing interval of 120 s in all wells. The volumes dispensed with a dispensing interval 
of 60 s are comparable to the previous characterization experiment with the PP4 membrane at a 
dispensing time of 45 ms. At this dispensing time, the dispensed volumes are 42.6 nl in well 1, 
115.2 nl in well 2, 29.0 nl in well 3 and 11.3 nl in well 4. The difference between the largest and 
the smallest dispensed volume is 4.8 nl in well 1, 12.4 nl in well 2, 8.6 nl in well 3 and 5.2 nl in 
well 4. Compared to the average standard deviations ranging from 0.77 nl to 2.38 nl, a significant 
influence of the dispensing interval on the dispensed volumes exists. But, this influence is 
comparably small and will not interfere with the pH control.  
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Figure 6.19. The dispensed volume depending on the interval between individual dispensings. 
The dispensing time is 45 ms. A PP4 membrane has been used. 
The characterization of dispensed volumes with fluorescence based measurements is 
supplemented by a characterization based on weighing, because of the unreliable dispensing to 
well 1. The results of an experiment using a PP4 membrane are shown in figure 6.20. In contrast 
to the data based on the fluorescence measurements, the dispensing to the wells 1 and 3 starts 
at dispensing times of 10 ms on the test board. At this dispensing time, volumes of 2.3 nl, 0.7 nl, 
1.0 nl and 0.3 nl are dosed to wells 1, 2, 3 and 4, respectively. At the next larger evaluated 
dispensing time of 15 ms, the dispensing start is also reached at the wells 2 and 4 yielding 
volumes of 6.0 nl and 3.3 nl, respectively. Until a dispensing time of 30 ms is reached, the 
dispensed volumes to wells 2 and 3 are comparable, as well as the volumes dosed to the wells 3 
and 4. At higher dispensing times, the volumes dispensed to wells 1 and 3 increase more than 
the volumes in wells 2 and 4, respectively. At the longest examined dispensing time of 45 ms, 
the largest volumes of 179 nl in well 1, 163 nl in well 2, 102 nl in well 3 and 61 nl in well 4 are 
determined.  
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Figure 6.20. Dispensed volumes depending on the dispensing time characterized by weighing 
the dispensed fluid. The measurement has been carried out with a PP4 membrane.  
The variation of the reservoir pressure leads to a slight nonlinear course of the dispensed 
volumes with a valve opening time of 35 ms and a PP4 membrane. At the lowest regarded 
reservoir pressure of 5 kPa, the dispensed volumes are 8.3 nl in well 1, 27.2 nl in well 2 and 5.2 nl 
in well 3. In well 4, no dispensed fluid has been detected. At a reservoir pressure of 45 kPa, the 
dispensed volumes range between 131 nl in well 4 and 388 nl in well 1. If the dispensed volumes 
are approximated with a polynomial of second degree, the coefficients of determination are 
larger than 0.9957 for all wells. The extrapolated dispensing starts are approximately at 4 kPa for 
well 1, 0 kPa for well 2, 3 kPa for well 3 and 8 kPa for well 4, respectively.  
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Figure 6.21. The dispensed volumes depending on the reservoir pressure. The dispensing time 
is 35 ms and the valve pressure is 60 kPa.   
Resistance compensated channels 
Besides the microfluidic device with a constant channel widths, the time controlled dispensing is 
also evaluated for the resistance compensated channels using a PP4 membrane (figure 6.22). At 
dispensing times of up to 55 ms, the dispensed volume in well 1 is smaller than 0.15 nl. Taking 
the average standard deviation of 0.16 nl within this range of dispensing times into account, it 
can be assumed, that the valve remains mostly closed and no dispensing occurs. At a dispensing 
time of 60 ms, the dispensed volume is 1.9 nl. From then on, the volume increases to 56.6 nl at a 
dispensing time of 75 ms. Here, the standard deviation is 4.8 nl. The other three wells show a 
dispensing start, which is comparable to the previous experiments ranging from 25 ms in well 2 
to 27.5 ms in well 3 and to 30 ms in well 4. Within the dispensing time from 40 ms to 75 ms, the 
dispensed volumes in wells 2 to 4 show an almost linear increase. The slopes of the fitted 
straight line are between 5.32 µl s-1 and 5.75 µl s-1, the ordinate intercepts range from 170 nl to 
200 nl and the coefficients of determination are at least 0.9912. The fluid resistances derived 
from the straight lines are in average 7.16·1012 Pa s m-3. They correspond with the calculated 
values for a 115 µm high channel (compare with table 6.2).  
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Figure 6.22. The dispensed volumes depending on the dispensing time for a microfluidic device 
with resistance compensated channel bundles.  
The dispensed volumes of the resistance compensated channels measured at a dispensing time 
of 60 ms are summarized in figure 6.23. The volumes are 1.9 nl in well 2, 146.4 nl in well 2, 
146.5 nl in well 3 and 142.2 nl in well 4. With the exception of well 1, the difference between the 
minimum and the maximum dispensing volume is 4.3 nl. This difference corresponds to 3.0% of 
the average volume of 145.0 nl. This dosage within 60 ms relates to an average volume flow of 
2.4 µl s-1. The influence of the time delay required for switching the valves is still comparably 
large, as flow rates of at least 5.32 µl s-1 are determined above for a completely developed flow. 
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Figure 6.23. The dispensed volumes measured at dispensing time of 60 ms are summarized. 
The volumes are 1.9 nl in well 2, 146.4 nl in well 2, 146.5 nl in well 3 and 142.2 nl in well 4. The 
standard deviations are 1.0 nl, 8.8 nl, 6.3 nl and 10.2 nl, respectively. 
Figure 6.24 shows the relative deviation of dispensed volumes depending on the dispensing 
time. The relative deviation is the difference between the largest and the smallest dispensed 
volume divided by the average volume in the wells 2 to 4. Well 1 is not considered because of 
the incorrect dispensing. The largest relative deviation of 1.8 exists at the dispensing time of 
32.5 ms. This dispensing time is still close to the dispensing start. Then, the relative deviation 
continuously decreases to 0.040 at a dispensing time of 55 ms. Up to the dispensing time of 
75 ms, the relative deviation ranges between 0.014 and 0.044. These data indicate the 
dominating influence of the flow resistance on the dispensed volumes and a comparably low 
impact of the valve actuation at larger dispensing times.  
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Figure 6.24. The relative deviation as the minimum and the maximum dispensing volume 
divided by the average dispensing volume depending on the dispensing time. The relative 
deviation has been calculated based on the data available for wells 2 to 4.  
6.2.4 Characterization of integrated pumps 
Evaluation of reproducibility 
The dispensing with the integrated pump has at first been characterized with a PP4 membrane 
and water as fluid. The aim of this preliminary characterization is to evaluate the reproducibility 
of dispensing while repeatedly mounting and dismounting the microreactor to and from the test 
board. The dispensed volumes are measured by weighing (corresponding to chapter 5.4). The 
measurements are carried out with two identically fabricated microbioreactors. With each 
microbioreactor, the mounting and pumping procedure is repeated six times.  
The results are listed in tables 6.7 and 6.8, respectively. The first microbioreactor provides an 
average pump volume of 151.8 nl and an average standard deviation of 5.2 nl, which 
corresponds to 3.4% of the average pump volume. The smallest volume measured in the six 
measurement cycles is 147.3 nl in well 2 and the largest 155.5 nl in well 3. Thus, the range of 
pumped volumes is in this case 8.2 nl. The smallest standard deviation is 3.0 nl in well 1 and the 
largest standard deviation 6.1 nl in well 2.  
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Table 6.7. Results of pumping with VT4 equipped with a PP4 membrane. The pump volume 
averaged over all wells is 151.8 nl with a standard deviation of 5.2 nl. 
 Well 1 Well 2 Well 3 Well 4 
Average volume [nl] 153.2 147.3 155.5 151.0 
Standard deviation 
(abs., rel.) [nl], [%] 
6.1, 4.0 3.8, 2.6 5.4, 3.5 5.4, 3.6 
 
In a second identically fabricated microbioreactor an average pump volume of 149.3 nl is 
determined. The average standard deviation is 4.7 nl corresponding to 3.1% of the mean value. 
The smallest pump volume of 147.0 nl is measured in well 3 (table 6.8), whereas the largest 
pump volume of 150.8 nl is determined in well 1. Thus, the range of pumped volumes is 3.8 nl in 
the four wells. The smallest standard deviation of 3.9 nl is determined in well 4 and the largest 
standard deviation is 6.2 nl in well 2.   
Table 6.8. Repetition of the pump experiment in an identically fabricated microbioreactor. The 
average pump volume of all wells is 149.3 nl with a standard deviation of 4.7 nl.  
 Well 1 Well 2 Well 3 Well 4 
Average volume [nl] 150.8 149.6 147.0 149.7 
Standard deviation 
(abs., rel.) [nl], [%] 
4.5, 3.0 6.2, 4.2 4.3, 2.9 3.9, 2.6 
 
Influence of reservoir pressure and membranes 
After a high reproducibility of the pumping has been shown with a PP4 membrane at a single 
reservoir pressure of 20 kPa, the characterization of the four membranes PP4, PE15, PE25 and 
PC4 is carried out at varying reservoir pressures from 5 kPa to 50 kPa. The experimental data are 
compared with the results of a simulation of a membrane, which bends into a pump chamber 
insert. This membrane displacement serves as an estimate for the pump volume, since the fluid 
transport is defined by the membrane displacement in the pump chamber.  
At first, the characterization is carried out with the PP4 membrane and three pump chamber 
relaxation times tb, in order to determine a suitable tb providing an unrestricted pump operation. 
These relaxation times are 0.25 s, 0.5 s and 1 s. The corresponding results of the pump 
experiment are shown in figure 6.25 as the measured pump volumes depending on the reservoir 
pressure. At tb = 0.25 s, the pump volume increases with the reservoir pressure to approximately 
114.8 nl at 30 kPa. Between 25 kPa and 40 kPa the pump volume ranges from 108.5 nl to 
114.8 nl. Compared with the standard deviation of 9.1 nl, the pump volume is therefore almost 
constant within this range of reservoir pressures. The next higher reservoir pressure of 50 kPa 
leads to a pump volume of 250 nl.  
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Up to the reservoir pressure of 15 kPa, the pump volumes that are dosed with tb = 0.5 s and 
tb = 1 s are comparable to the volumes pumped with a tb of 0.25 s. At higher reservoir pressures, 
the pump volumes dosed with the relaxation times 0.5 s and 1 s show a more distinctive 
increase than that dosed with the lowest relaxation time of 0.25 s.  
While the pump volume with a relaxation time tb of 0.25 s reaches a plateau of in average 
111.5 nl, the two larger relaxation times of 0.5 s and 1 s lead to a maximum pump volume of 
about 155.6 nl and 161.7 nl, respectively. The pump volume of the two larger relaxation times is 
almost constant at the three reservoir pressures of 35 kPa to 45 kPa. In this pressure range, 
raising the relaxation time from 0.25 s to 0.5 s results in an increased pump volume of in average 
44.1 nl, corresponding to an increase of 40%. Raising the relaxation time from 0.5 s to 1 s then 
leads to an average increase of 6.1 nl, corresponding to 4%.  
The pump volumes, estimated with the FEM simulation, increase continuously with the reservoir 
pressure. The slope of the pump volumes constantly decreases, but the course of the simulated 
pump volume does not show a plateau comparable to the measured pump volumes. Within the 
range of reservoir pressures from 10 kPa to 35 kPa, the simulated pump volumes agree well with 
the course of the pump volumes dosed with the relaxation time of 1 s. In this case, the simulated 
pump volumes are on an average 6.3 nl larger than the measured ones. This relates to a mean 
difference of 4.8%. In FEM simulations, the reservoir pressure 30 kPa is the smallest regarded 
pressure, at which the membrane does not touch the pump chamber insert.  
The characterization experiments with the PP4 membrane showed that a relaxation time of 
0.25 s is insufficient, due to the increase of pump volume towards a relaxation time of 0.5 s. As 
the difference in pump volumes achieved with tb = 0.5 s and tb = 1 s is comparably small, a 
further significant increase is not expected and a relaxation time of 1 s is chosen for all further 
pump experiments.  
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Figure 6.25. The pump volume attained with a PP4 membrane depending on the reservoir 
pressure. The three pump relaxation times tb 250 ms, 500 ms and 1000 ms have been 
evaluated. Within the interval of reservoir pressures ranging from 10 kPa to 35 kPa the 
displaced volume resulting from the membrane simulation is in good agreement with the 
measured pump volumes at tb = 500 ms and tb = 1 s. The simulation uses an elastic modulus of 
2 GPa.  
In figure 6.26, the measured and simulated pump volumes are shown for the PE15 membrane. 
The measured pump volume is 147.8 nl at a reservoir pressure of 5 kPa, which is 40 nl larger 
than the calculated volume. Both, the measured and the simulated pump volume increase with 
the reservoir pressure, without showing plateaus as the PP4 membrane did. In the simulation, 
the membrane touches the pump chamber insert at a reservoir pressure of 15 kPa for the first 
time. The simulated pump volumes increase stronger than the measured ones, resulting in a 
constant reduction of the difference until a reservoir pressure of 30 kPa. Between the reservoir 
pressures of 20 kPa and 30 kPa, the difference is rather small: at 20 kPa, the measured pump 
volume is 190.0 nl and the simulated 173.2 nl, corresponding to a relative difference of 8.9%. At 
30 kPa, the measured and the simulated pump volumes are 200.1 nl and 188.9 nl, respectively. 
This difference corresponds to 5.6% of the measured value. Increasing the reservoir pressures 
from 35 kPa to 45 kPa, the measured pump volume shows a strong increase, which is not 
predicted by the simulation. At 45 kPa the pump volume rises to 262.3 nl.  
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Figure 6.26. The pump volume measured using a PE15 membrane depending on the reservoir 
pressure. The simulated membrane deflection shows a minimal deviation of 11.2 nl, 
corresponding to 5.6%, at a reservoir pressure of 30 kPa. 
Figure 6.27 shows the results of the same experiment conducted with the PE25 membrane. The 
measured pump volumes continuously increase within the range of reservoir pressures from 
5 kPa to 30 kPa. At 5 kPa the pump volume is 52.2 nl and at 30 kPa 113.0 nl. Both next higher 
reservoir pressures of 35 kPa and 40 kPa provide pump volumes of the same size with 116.5 nl 
and 115.3 nl, respectively, if the standard deviation of the three measurements ranging from 
5.8 nl to 6.0 nl are taken into account. The reservoir pressure of 45 kPa leads to a strong increase 
in pump volume of 165.7 nl. In simulation 1, the same elastic modulus of 200 MPa is used as in 
the simulation of the PE15 membrane. For all reservoir pressures the simulated pump volumes 
are at least 24.3 nl larger than the experimentally determined volumes. The largest difference 
between measured and simulated pump volumes is 54.7 nl at a reservoir pressure of 40 kPa. 
These differences relate to approximately 37.2% to 66.5% of the measured values. The second 
simulation uses an elastic modulus of 400 MPa, which is twice as large as in the first simulation. 
This results in smaller deviations of 2.8 nl to 5.2 nl at reservoir pressures from 5 kPa to 25 kPa. 
Here, the relative differences are smaller than 5.3%. The largest difference of 20.8 nl is found at 
a reservoir pressure of 40 kPa.  
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Figure 6.27. The measured and simulated pump volumes of a PE25 membrane depending on 
the reservoir pressure. Simulation 1 uses an elastic modulus of 200 MPa corresponding to the 
manufacturer data. The resulting deviation of at least 24.3 nl is comparably large. Simulation 2 
assumes an elastic modulus of 400 MPa, which results in a deviation of less than 5.3% within 
reservoir pressures of 5 kPa to 25 kPa. 
Both the simulated and measured pump volumes of the PC4 membrane are shown in 
figure 6.28. The measured pump volume is 109.0 nl at the smallest reservoir pressure of 5 kPa. 
The measured pump volume continuously rises with an increasing reservoir pressure, until a 
reservoir pressure of 25 kPa is reached. In this case, the measured pump volume is 162.5 nl. 
Considering the average standard deviation of 3.7 nl, the pump volume remains constant up to a 
reservoir pressure of 40 kPa. By increasing the reservoir pressure from 45 kPa to 50 kPa, the 
pump volume rises from 170.8 nl to 360.7 nl. The simulated pump volumes differ from the 
measured volumes by less than 11% within reservoir pressures of 15 kPa to 45 kPa. At reservoir 
pressures between 30 kPa and 35 kPa, the membrane touches the bottom of the pump chamber 
for the first time.  
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Figure 6.28. The pump volume of a PC4 membrane depending on the reservoir pressure. The 
difference between measured and simulated pump volumes is less than 11% at reservoir 
pressures of 15 kPa to 45 kPa. An elastic modulus of 2.2 GPa has been used in the simulation.  
Pumping of glycerol and glucose solutions 
All previous experiments have been carried out with water as the dispensed fluid. In the 
following figures, the results of pumping aqueous glycerol solutions are shown. These pump 
experiments have been carried out with a PP4 membrane, whose pump characteristic is similar 
to the PC4 membrane. These characterization experiments use solutions with glycerol 
concentrations of 20%, 40%, 60%, 85% and 99.5%. In figure 6.29, the average pump volumes are 
displayed. These average pump volumes and standard deviations are based on twelve single 
measurements per concentration. The pump volumes at concentrations of 20%, 40%, 60%, 85% 
and 99.5% are 149.8 nl, 156.6 nl, 152.9 nl, 147.4 nl and 129.8 nl, respectively. The standard 
deviations range from 5.59 nl to 9.35 nl. Considering the standard deviations, the pump volumes 
achieved with the concentrations 20% to 85% are comparable to those of the pump experiments 
with water. Only the pump volume attained with the 99.5% solution is significantly smaller 
compared to those determined for the four lower glycerol concentrations.  
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Figure 6.29. The pump volumes attained with glycerol solutions in concentrations of 20% to 
99.5%. The measurements have been carried out with a PP4 membrane and a reservoir 
pressure of 20 kPa.  
In the previous characterization experiments with glycerol solutions, large valve and pump 
relaxation times, especially for the high glycerol concentrations, have been applied based on 
preliminary tests (up to tV = 3 s and tb = 24 s for the 99.5% glycerol solution). The relation 
between the pump volume and the relaxation times is examined in a further series of pump 
experiments, which is carried out with the three glycerol concentrations 60%, 85% and 99.5%.  
The results obtained with the 60% glycerol solution show that the valve relaxation time tv in the 
range of 0.5 s to 2 s has no influence on the pump volume (table 6.9). At pump relaxation times 
of 1 s to 4 s pump volumes of in average 152.9 nl are supplied, which is comparable to the 
dispensing experiments with water. With a pump relaxation time of 0.5 s the 60% glycerol 
solution can only be pumped in reduced volumes.  
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Table 6.9. Pump volumes obtained with the 60% glycerol solution and a variation of valve 
relaxation times tv and pump chamber relaxation times tb.  
tv [s] tb [s] 
Average pump 
volume [nl] 
Standard 
deviation [nl] 
0.5 0.5 134.1 18.1 
0.5 2 147.4 7.89 
0.5 4 155.5 8.41 
1 1 146.8 7.65 
1 2 155.8 2.77 
2 0.5 140.9 12.4 
2 4 159.2 2.59 
 
The series of measurements with the 85% glycerol solution shows comparably high standard 
deviations of in average 10.1% of the pump volumes (table 6.10). Although this restricts the 
possibility to differentiate the influence of the individual dispensing times, an influence of valve 
relaxation times of at least 1 s on the pump volume is unlikely. The same applies for the pump 
relaxation time, which should be set to at least 4 s, in order to ensure the full pump volumes. 
Table 6.10. The pump volumes of an 85% glycerol solution supplied with a variation of valve 
relaxation times tv and pump chamber relaxation times tb. Within the given range, tb has a 
significant influence on the pump volume, while an influence of tv cannot be determined. As 
the results show, tb of at least 4 s should be chosen for full pump volumes.  
tv [s] tb [s] 
Average pump 
volume [nl] 
Standard 
deviation [nl] 
0.5 2 130.6 10.9 
0.5 16 145.4 9.0 
1 4 149.1 16.3 
1 8 147.3 14.6 
2 2 139.7 15.4 
2 16 147.5 21.8 
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The pump volumes measured with the 99.5% glycerol solution are smaller than 130 nl for all 
regarded relaxation times (table 6.11). This is significantly smaller than the pump volumes 
achieved in the previous experiments with water and with lower concentrated glycerol 
solutions, which are in the range of 150 nl. Since the valve relaxation time of 3 s and the pump 
chamber relaxation time of 24 s do not allow sufficiently short intervals of substrate supply, the 
99.5% glycerol solution cannot be considered as suitable for this microbioreactor. 
Table 6.11. The pump volumes obtained with the 99.5% glycerol solution. Even at the highest 
valve and pump chamber relaxation times the pump volumes are reduced compared to 
dispensing experiments with less concentrated solutions.   
tv [s] tb [s] 
Average pump 
volume [nl] 
Standard 
deviation [nl] 
0.2 8 67.1 15.0 
0.5 8 77.1 12.3 
1 8 79.3 4.7 
2 16 122.2 12.9 
3 24 129.8 9.1 
 
Finally, the pumping of a glucose solution has been evaluated on the fluorescence based 
measurement setup of the BioVT. The glucose solution with a concentration of 500 g l-1 contains 
fluorescein, whose concentration is measured in the wells filled with phosphate buffer. The 
pump experiments are carried out with the three membranes PP4, PE15, PC4 and the reservoir 
pressures 20 kPa and 40 kPa. The results are shown in figure 6.30. Using the PP4 membrane and 
a reservoir pressure of 20 kPa the average pump volume is 161.5 nl and 169.2 nl at the reservoir 
pressure of 40 kPa. The standard deviations are 8.2 nl and 9.2 nl, respectively. This corresponds 
to 5.1% and 5.5%. The pump volumes with the PE15 membrane are 178.6 nl and 192.1 nl at the 
pressures mentioned. The standard deviations are 12.1 nl and 9.5 nl, corresponding to 6.8% and 
5.0%, respectively. The PC4 membrane leads to pump volumes of 162.8 nl at 20 kPa and 171.8 nl 
at 40 kPa, respectively. The standard deviations are 3.8 nl and 7.1 nl or 2.3% and 4.1%, 
respectively.  
6.2 Results 157 
 
 
 
Figure 6.30. The pump volume for a glucose solution with a concentration of 500 g l
-1
 at 
reservoir pressures of 20 kPa and 40 kPa. The measurement has been carried out with the 
membranes PC4, PE15 and PP4.  
Table 6.12 represents the results of glucose pumping on the fluorescence based setup of the 
BioVT, which are compared with the corresponding pump volumes of water measured on the 
test board. The experiments at the BioVT are conducted at 37°C, while the pumping at IWE 1 
takes place at 21°C. Due to the increase in reservoir pressure from 20 kPa to 40 kPa, the volumes 
pumped with the PP4 membrane increase by 7.7 nl. At a reservoir pressure of 20 kPa, the pump 
volume measured at the IWE 1 is 26.7 nl larger than in the BioVT experiments. This difference is 
reduced to 8.1 nl at a reservoir pressure of 40 kPa.  
With the PE15 membrane, the increase of the reservoir pressure leads to a pump volume 
increased by 13.5 nl in the BioVT experiment. At both reservoir pressures, the pump volumes 
measured at the BioVT are smaller than at the IWE 1. The difference at 20 kPa is 11.4 nl and at 
40 kPa 25.8 nl.  
Using the PC4 membrane, the increase of the pump volume with the reservoir pressure is 9.0 nl. 
At a reservoir pressure of 20 kPa, the pump volume in the BioVT measurement is about 8.5 nl 
larger than in the IWE 1 measurement. At reservoir pressure of 40 kPa the difference is 6.3 nl.  
Thus, the PE15 membrane shows the largest increase of 7.2% of the average pump volume due 
to the increased reservoir pressure during the BioVT experiment. The PC4 membrane exhibits 
the second largest increase of 5.4%. The increase of the PP4 membrane of 4.7% is the smallest of 
the three membranes, but it is comparable to the PC4 membrane.  
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Table 6.12. Comparison between the pump volumes obtained on the test board using water at 
room temperature and the pump volumes obtained with the fluorescence based 
measurement setup with glucose solution (500 g l
-1
) at 37°C. 
Reservoir 
pressure 
[kPa] 
Pump volume [nl] 
PP4 PE15 PC4 
IWE (21°C) 
BioVT 
(37°C) 
IWE (21°C) 
BioVT 
(37°C) 
IWE (21°C) 
BioVT 
(37°C) 
20 134.8 161.5 190.0 178.6 154.3 162.8 
40 161.1 169.2 218.9 192.1 165.5 171.8 
 
6.3 Discussion 
6.3.1 Design and fabrication of the microbioreactor  
Design 
Based on the PDMS microfluidic devices and the pneumatic interface, a microbioreactor with a 
SU 8 based microfluidic device has been developed. As it was required in the definition of this 
research project, the microbioreactor is based on a commercially available MTP. This 
demonstrator forms a preliminary stage for devices, which are fabricated on the basis of high 
throughput processes as injection molding or hot embossing. The benefit of the presented 
microbioreactor with a microfluidic device made of SU 8 is that it allows the final qualifications in 
terms of handling, compatibility with monitoring technologies and with external hardware as 
well as the evaluation of dispensing characteristics.  
The demonstrated layout with up to 24 wells in one microbioreactor meets the demand of an 
increased parallelization. A microbioreactor based on commercially available MTPs, which offers 
a comparably high degree of parallelization, has not been described in literature so far. The 
segmentation into rows with two reservoirs and four wells provides a flexibility in experimental 
design, which has not been achieved yet. The integrated microfluidic pumps are designed for the 
metering of highly viscous substrate media, which has not been realized in microbioreactors 
with integrated microfluidic devices up to now. The large amount of peripheral connections 
required for the actuation of up to 72 valves and pump chambers is established by the 
pneumatic interface, which was adopted in a slightly modified design from chapter 5. The use of 
the pneumatic interface is expected to reduce manual labor and to prevent operator errors. 
The valve function is similar to the PDMS valves. But, the microfluidic device has to be equipped 
with an additional layer in order to provide enclosed fluid channels, since a valve membrane 
cannot be bonded to the complete surface of the microfluidic device as described in chapter 3. 
Therefore, the interrupted channels are connected with the membrane via two through holes in 
the valve layer (figure 6.3). Membranes made of thermoplastic or elastomeric materials come 
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into consideration for the valve membrane. These materials offer a wide variety of mechanically 
and chemically durable membranes. Especially, using thermoplastic polymers the adverse gas 
permeability can be reduced significantly compared to the PDMS devices.  
In contrast to the PDMS microfluidic devices VT2 and VT3, the SU 8 microfluidic device VT4 does 
not integrate a pneumatic layer that guides the pressurized air to the valves. In case of VT4, this 
task is carried out by the PDMS gasket of the pneumatic interface, which is located just below 
the valves. As the PDMS gasket itself is not capable of constraining the movement of the 
membrane, which is a prerequisite for a reproducible dispensing, brass inserts with a chamber 
for defined membrane deflection are added to the gasket rings. The volumes of these flat 
chambers are 157 nl in case of valves and 314 nl in case of pump chambers. As preliminary tests 
revealed, a reproducible pumping can only be achieved with both, valve and pump chamber 
inserts (data not shown). In this design, the membrane can be bonded to the microfluidic device 
or it can simply be clamped to the valve layer by the PDMS gasket. Since the clamping allows a 
fast exchange of the membrane, several membranes can be tested with the same microfluidic 
device.  
Fabrication process 
The fabrication of the microbioreactor was carried out in standard photolithographic techniques 
and a consecutive bonding process of the individual layers. The bonding process was modified 
from (Patel et al. 2008) and has been extended to the large surfaces of the microfluidic device, 
which is 80 mm square. The complete fabrication process is grouped in four sections. During the 
first section, the double layer SU 8 structures of the microfluidic device are fabricated by 
photolithographic processes. This lithographic structuring offers a high yield and a high 
resolution in structure width and height. The applied process parameters lead to the typical 
slightly overhanging sidewalls. The angle of the side walls to the vertical is approximately 2.5°. In 
average, the side walls extend 4 µm into the dark mask area.  
The second section of the fabrication process is the bonding of the two SU 8 parts in order to 
obtain a microfluidic device with enclosed channels (compare with figure 6.6). At first, the SU 8 
layers are released from the substrate wafer by etching the aluminum sacrificial layer. During 
the release, stresses between the SU 8 layer and the substrate wafer are relieved. The stresses 
are due to the cross linking at elevated pressures and the subsequent cooling down during the 
fabrication process. As the coefficient of thermal expansion of SU 8 is significantly larger than 
that of silicon, the SU 8 layers tend to contract by up to 1 mm along the edges of 80 mm length.  
The shrinkage of the SU 8 layers during the release is the main reason, why a released layer 
cannot be bonded to a counterpart, which is still attached to its wafer. The dimensional 
deviation impedes the precise alignment of channels and contact holes. However, there is no 
possibility to bond both layers without releasing them from their substrates. This is mainly due 
to irregularities in thickness. Therefore, the release of both SU 8 layers is the only alternative for 
a successful bonding. The release of both layers provides a stress compensation and both layers 
do not show a significant mismatch. The mismatch between both layers after alignment is 
typically less than ±75 µm over the whole area of the microfluidic device. Thus, 125 µm wide 
channels and contact holes with a diameter of 300 µm can be reliably aligned.  
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As the interlocking structures of the alignment cylinders and holes prevent a relative movement 
of both SU 8 parts, handling during the bonding process is facilitated and elaborate optical and 
translatory alignment components are not required. Due to the comparably large number of 
alignment cylinders, a slight interlocking is achieved, which prevents a separation of both SU 8 
layers, once they are aligned. A possible reason for the remaining deviations of both layers’ 
overlap are the differently developed stresses in both layers, because the contact layer mainly 
consists of one SU 8 layer of approximately 120 µm thickness and the valve and fluid channel 
layer form a composite of two SU 8 layers. In this case, the stress of the fluid layer interferes 
with the stress in the previously structured valve layer. This results in different strains in the 
single and the double layer SU 8 parts.  
In contrast to the well controlled photolithographic structuring of the individual layers, the 
bonding is a critical process with a high demand on process control. At first, the adhesive 
thickness, which is measured on a control wafer, has to range from 10.3 µm to 11.0 µm on the 
control wafer. Below this narrow band, insufficient adhesion with leakages between channels or 
even delaminations occur, whereas at higher thicknesses channels are blocked by excessive 
adhesive. Because the measurement of the adhesive thickness can only be carried out on a 
control wafer, the process control is linked with an uncertainty in the correlation of thicknesses 
between the two different substrates. However, the coating has proven to have a high level of 
reproducibility. The standard deviation of the adhesive thickness of several consecutive coatings 
is approximately 2.2%.   
Besides the control of the adhesive thickness, the bonding of the layers itself is the second 
critical part of the bonding process. The flow of the adhesive is difficult to control, although the 
contact pressure resulting from the vacuum and the temperature of the convection oven are 
well controlled. A possible reason for the differences in the adhesive flow could be variations in 
the solvent content of the adhesive. They could lead to different viscosities when pressing the 
SU 8 parts together. A second possibility are variations in the adhesive thickness due to the edge 
bead, because blocked channels mainly occur in the regions near the edges of the microfluidic 
device. Even if the adhesive is entering the fluid channels, it does not block channels completely, 
at least it restricts the channel cross section and increases the flow resistance in an 
irreproducible way.   
As this fabrication process has a low yield of approximately 31% and has a comparably low level 
of reproducibility, it should only be applied to the fabrication of prototypes and demonstrators, 
but, it is not suitable for production of small batches or higher quantities. However, the 
advantage of this method, and the reason for its application in this work, is the possibility to 
fabricate a composite of three structured layers that incorporate enclosed microfluidic channels 
with contact holes on both sides of the device without the need for complex tools as for 
example wafer bonders. The equipment for standard photolithography is sufficient.  
6.3.2 Characterization of valve membranes 
Suitable valve membranes are characterized by 1) a reliable function without the need for 
preconditioning or temporarily increased reservoir pressures, 2) a tight seal over several hours, 
3) resistance towards alternating loads and 4) chemical durability when exposed to aggressive 
pH control media. The reliable valve function has been proven with 4 out of 15 membranes. 
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Mainly membranes with a rough surface allow a creeping fluid flow at the valve seat, which 
causes a constant leakage. This is especially the case with membranes made of Dryflex, 
Geniomer, Thermoflex and TPU. A second reason for an unreliable valve function is a high 
stiffness in combination with a high film thickness that suppresses the deflection of the 
membrane, as it is the case with the membranes PS25 and COC90. The membrane PET12 fails 
because of wrinkles that cause leakages, which obviously cannot be flattened by the valve 
pressure. The wrinkles arise during the handling of the membrane, where electrostatic charging 
causes bending and folding, which can hardly be avoided.  
Of the remaining four membranes PP4, PE15, PE25 and PC4, only PE25 fails in FT 2, because it 
cannot be brought back to operation within ten dispensings of 100 ms length after the test 
period of 6 h. An adhesion between the valve seat and the membrane may develop during this 
time, which cannot be overcome by ten 100 ms long actuations at reservoir pressure of 15 kPa. 
Thus, this membrane is not considered for the use in the microbioreactor. But since the 
observed failure in FT 2 has only a minor impact on the valve function, the membrane is 
additionally applied to the pump characterization experiments, in order to provide a comparison 
with the thinner PE15 membrane.  
The three membranes PP4, PE15 and PC4 pass the tests of low cycle fatigue FT 3 and chemical 
durability FT 4. The test of the low cycle fatigue simulates the alternating loads, which can occur 
during a fermentation experiment. The 5000 actuations per valve are highly exceeded during the 
following pump characterization. Here, the four membranes PP4, PE15, PE25 and PC4 are 
exposed to 36,000 to 40,000 load cycles. Neither during FT 3 nor during the characterization any 
membrane defects were determined. Even in the chemical durability test FT 4 no membrane 
defects were observed. These results show that the membranes PP4, PE15 and PC4 fulfill the 
requirements for a reliable operation of the microbioreactor. In the following characterization 
experiments it will be evaluated, which membrane complies best with the quantitative 
requirements on time controlled dispensing and pumping.  
6.3.3 Time controlled dispensing 
The qualification experiments of the valve membranes basically show their applicability in the 
microbioreactor. But, they cannot provide information about the quantitative behavior during 
the dispensing operation. These data are obtained in characterization experiments and allow a 
decision about which membrane fits best to the operation requirements.  
At first, time controlled dispensing experiments have been carried out on a test board in 
cleanroom environment and the dispensed fluid has been determined by weighing. These results 
slightly differ from the results of the fluorescence base characterization in a constant climate 
room at the BioVT. The main difference is found in the dispensing start. In the preliminary 
experiments on the test board the dispensing start is found at dispensing times of about 20 ms, 
while the dispensing starts at 30 ms to 38 ms on the biolector setup. The reason therefor lies in 
the pneumatic tubes of the BioVT setup. With a length of 120 cm they are twice as long as the 
pneumatic tube in the IWE 1 setup. In addition, the last 20 cm consist of a Tygon tube (R-3603, 
Saint-Gobain), which is fitted to the shaker plate. This Tygon tube is mounted on a sleeve with an 
inner diameter of 0.6 mm. This sleeve connects the Tygon tube with the standard pneumatic 
tube with an inner diameter of 2 mm, which leads to the external pneumatic valves. The 
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increased length and the reduced flow cross section of the sleeve between the two tubes with 
larger diameters result in a delayed pressure transfer between internal and external valves.  
At higher dispensing times, the dispensed volumes measured on both measurement setups are 
comparable, if a delay of 5 ms is considered. A comparable delay has been determined in a CFD 
simulation (data not shown). This is illustrated for instance at a dispensing time of 45 ms in the 
IWE 1 experiment. Here, 163 nl are dosed to well 2 and 61 nl to well 4. In the results of the BioVT 
measurement corresponding volumes of 159 nl in well 2 and 56 nl in well 4 are determined at a 
dispensing time of 50 ms. The comparability of experiments on both setups is important, since 
not all parameters could be examined on the BioVT setup. On the one hand, the dispensing of 
well 1 could not be evaluated due to a modification of the shaker plate. On the other hand, the 
influence of the reservoir pressure on the pump volume and on the time controlled dispensing 
could only be examined on the IWE 1 measurement setup because of the large number of 
required experiments. As the comparability between both setups is proven, the experimental 
results found on one setup can also be expected to be reproduced on the other setup.  
Evaluation of time controlled dispensing 
The evaluation of the fluorescence based measurements reveals that the modifications of the 
shaker plate (compare with chapter 6.1.4) lead to an unpredictable dispensing in well 1. In 
well 1, the dispensed volumes are significantly lower than in the dispensing experiment on the 
IWE 1 setup. A possible explanation is a pretension of the valve membrane. A pretension is likely 
to be caused by the PMDS gasket, which has less support by the shaker plate due to the 
increased cut-out below the MTP (compare with figure 5.2). The lack of support may allow the 
gasket to bend and thereby to exert forces in the plane of the membrane, which act as a 
pretension. However, the dispensing start is not affected in the same magnitude as the 
dispensed volumes, as it is still comparable with the other three wells ranging from 28 ms to 
38 ms.  
In both measurement setups it could be shown, that the required small dispensing volumes of 
approximately 5 nl can be dispensed with the demonstrator VT4. Due to the larger channel cross 
sections, significantly smaller dispensing times have to be applied as for instance with VT1. 
Because of the smaller flow resistance, VT4 allows volume flows that are approximately nine 
times larger than those in VT2. Thus, a larger range is provided for the pH controller to adapt the 
dispensing to the highly variable demand for pH control media during fermentations. A reliable 
valve operation is provided at reservoir pressures of at least 10 kPa as a result of a variation of 
the reservoir pressure. 
As the valve simulations of chapter 3.2 have already shown, it can be directly derived from the 
results of time controlled dispensing that the valve resistance of VT4 is also negligible compared 
to the channel resistance. This implies that also in VT4 the dispensing characteristics are mainly 
affected by the channel cross section and by the channel length. This is demonstrated in the 
following evaluation. Comparing the calculated flow resistances of the channel system with the 
overall fluid resistance derived from the measurement data, it can be shown that the flow 
resistance of the valves is significantly smaller than that of the channels. The total resistance +`+ is a series resistance consisting of the channel resistance (  and the valve resistance  
(equation 6.3).  
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The calculated channel resistances from well 2 to 4 are 5.48·1012 Pa s m-3, 8.14·1012 Pa s m-3 and 
11.7·1012 Pa s m-3. The channel dimensions are adopted from chapter 6.2.1. The channel height 
is 122 µm and the channel width is 118 µm for all channels. These dimensions are an estimate 
from available process control data, because the real channel cross section is unknown due to 
the inflowing adhesive.  
The total resistance can also be estimated from the experimental data, using the dispensed 
volume 0`/, the dispensing time =0`/ and the reservoir pressure 7BC/. The relation between 
these variables is given in equation 6.4. Since the phase of transient flow is small compared to 
dispensing time of 60 ms, a constant flow is assumed.  
 +`+  1¨©w +ª«wª«w  (6.4) 
The total resistances derived from the measured data are 4.51·1012 Pa s m-3 in well 2, 
7.55·1012 Pa s m-3 in well 3 and 13.8·1012 Pa s m-3 in well 4. The calculated resistances are on an 
average slightly larger than the resistances derived from the measurement data 
(9.21·1012 Pa s m-3 compared to 8.62·1012 Pa s m-3). This implies that the valve resistance cannot 
be within the same magnitude as the channel resistance, but rather significantly smaller. 
Inaccuracies of this approximation are mainly caused by the uncertainty about the channel 
dimensions and the variation of measurement of dispensed volumes (approximately 7.6% of the 
absolute volumes).  
Since the valve resistance is negligible during the time controlled dispensing, the fluid pressure 
at the valve seat and thus also the displacement of the membrane can be estimated. Even if the 
valve resistance would be in the range of the channel resistance and the valve is approximated 
as a flat channel with a width of 1 mm, the deflection of the membrane must be at least 11.5 µm 
during the dispensing according to equation 3.6. With this, the dynamic pressure 70jV of the 
flow at the valve seat cannot be larger than 33 Pa (equation 6.5). Here, ρ is the density of water 
and vm is the average flow velocity.  
 70jV   D-  ρ \-  (6.5) 
Compared to the reservoir pressure of 20 kPa, this pressure can be neglected. The pressure at 
the valve seat is therefore determined by the static pressure, which arises from the viscous flow. 
Along the fluid channel, the pressure linearly decreases from the reservoir pressure to ambient 
pressure. In wells 1 to 4 the ratio r of the channel length from valve to well M and the total 
channel length +`+ are: 
 ¯   M +`+⁄  0.573, 0.804, 0.808 £;± 0.811. (6.6) 
The ratio at well 1 of 0.573 is comparably small because of the short channel to well 1. The static 
pressure at the valve seat is given in equation 6.7. 
 7/+A+  ¯ ²  7BC/  (6.7) 
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This yields in the static pressures of 11.5 kPa in well 1 and in approximately 16.2 kPa at the 
wells 2 to 4. A comparison of these pressures with the results of the membrane simulation in 
chapter 6.1.4 shows that the pressures of 11.5 kPa and 16.2 kPa are high enough to deflect the 
membranes PC4, PE15 and PP4 far enough in order to get in contact with the bottom of the 
valve insert. The insert depth of 50 µm provides a comparably large flow cross section. 
Therefore, the resulting flow resistance of a valve is by a factor of approximately 25 smaller than 
the channel resistances. Therefore, it can be concluded that the assumption of a negligible valve 
resistance is correct. Furthermore, the membrane properties do not significantly influence the 
dispensed volumes at larger dispensing times.  
The comparison of dispensed volumes at the largest measured dispensing time also shows that 
the volumes decrease with an increasing channel length. But, the dispensed volumes decrease 
faster than expected from the inverse proportionality between volume flow and channel length. 
In the case of an ideal laminar pipe flow, the dispensed volume in well 3 would be 67% of that in 
well 2 and in well 4 it would be 50% of that in well 2. Instead, the measured volumes are 60% in 
well 3 and 33% in well 4. The reason for this is the flow of adhesive into the channels. In the 
fabrication process an edge bead of adhesive has been observed (compare with chapter 6.2.1). 
During the lamination, the edge bead causes an increased flow of adhesive into the channels 
leading to well 4, because these channels are nearest to the edges of the microfluidic device. 
Besides the increased risk of blocked channels, the excessive adhesive also unpredictably affects 
the flow resistance.  
Resistance compensated channels 
The channel width has been varied in an additional set of microfluidic devices in order to achieve 
constant flow resistances to all wells. The channel widths chosen in chapter 6.1.1 result in a 
nominal deviation of less than 10% between the smallest at the largest channel resistance within 
a range of channel heights from 110 µm to 140 µm. The channel resistance decreases with an 
increasing channel height from on an average 7.94·1012 Pa s m-3 at a channel height of 110 µm to 
on an average 4.81·1012 Pa s m-3 at a channel height of 140 µm. A variance in channel heights has 
to be expected, because the channel height cannot be accurately controlled. In the evaluation of 
the fabrication process it has been found, that the thickness of the fluid layer varied about 
± 17 µm around the average height of 128 µm over several batches.  
The resistance compensated channels have been characterized in time controlled dispensing 
experiments on the fluorescence based measurement setup. The dispensing start of 25 ms to 
30 ms is comparable to that of the devices with identical channel cross sections. Up to a 
dispensing time of 45 ms a nonlinear increase of the dispensed volumes is observed. At higher 
dispensing times, the courses of the dispensed volumes develop almost linear with the 
dispensing time. Within the range of dispensing times from 30 ms to 55 ms, the relative 
deviation of dispensed volumes between different wells is reduced significantly. This shows the 
decreasing influence of the valve actuation and the gaining influence of the channel resistances 
on the dispensed volumes. From a dispensing time of 55 ms to a dispensing time of 75 ms the 
relative deviation of the dispensed volumes between the wells is less than 4.4%. In this case, the 
static flow is decisive, which is in turn depending on the channel resistance.  
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The resistances derived from the measurement data are 7.51·1012 Pa s m-3 in well 2, 
7.52·1012 Pa s m-3 in well 3 and 7.73·1012 Pa s m-3 in well 4. The channel resistance is in the upper 
range of those calculated during the design phase. The experimentally determined channel 
resistances correspond to the channel height of approximately 120 µm, which has been derived 
from the process control data.  
In contrast to the time controlled dispensing with constant channel width, the channel to well 4 
does not show an elevated resistance. Here, the resistance is only about 3% larger than that of 
the second well. The excessive adhesive that enters the channels to well 4 is distributed over a 
larger surface in these wide channels, resulting in a still comparably large channel cross section.  
In summary, the described design of channel bundles with varying channel cross sections 
provides an adaption of the dispensing characteristics for all wells within a microfluidic device 
independent of the channel length. Thus, all valves can be operated with the same controller 
settings. Furthermore, the increased width of channels, which lead to the outer wells and 
reservoirs, offers a higher robustness to inflowing adhesive compared to the standard channels 
bundles with constant cross sections. The robustness of this concept is even increased by the 
fact that the adaption of fluid resistances is maintained over a large range of channel heights. 
Influence of dispensing interval  
A variation of dispensing intervals has been examined, in order to determine a possible influence 
on the dispensing volumes. The range of dispensing intervals of 7.5 s to 120 s covers the 
intervals, which are the most relevant for fermentation experiments. An influence on the 
dispensed volumes could arise from an adhesion between the membrane and the valve seat, 
which depends on the enclosed water content.  
The experimental results show that a decrease of dispensed volumes with increasing dispensing 
intervals exists. In wells 1 to 4 a significant reduction is found, but it is not large enough to affect 
the pH titration with a closed loop control. The exact cause of the reduction cannot be 
determined from the results of this measurement.  
6.3.4 Microfluidic pump 
Reproducibility 
The first test of the integrated micropump characterized the reproducibility with respect to the 
mounting and dismounting of the microbioreactor from the pneumatic interface. Using the brass 
inserts, which restrict the membrane deflection in the valve and pump chambers, an average 
pump volume of 150.6 nl has been determined. The standard deviation over all measurements 
for single wells is less than 4.2%. The ranges of average pump volumes within one microfluidic 
device are 8.2 nl and 3.8 nl in the two tested microbioreactors, respectively. The results show 
that the pump delivers fluid with only small variations between the four wells of one microfluidic 
device. Additionally, the repeated mounting and dismounting does not interfere with the high 
level of reproducibility. This level of reproducibility can only be attained with brass inserts in 
valve and pump chamber. Without these inserts the pump volumes can differ by a factor of 
more than 1.8 (data not shown). The achieved pump volumes of approximately 150 nl as well as 
the deviations in the range of 5% meet the requirements on the microbioreactor, explained in 
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chapter 2.6. In the literature, a pump mechanism integrated in microbioreactors with a 
comparable accuracy has not been reported so far. The purpose of the following experiments is 
to determine the influence of the membrane type, the reservoir pressure and the relaxation 
times on the pump volume.  
Variation of reservoir pressure and comparison with simulated membrane deflection 
Preliminary studies revealed that the pump chamber relaxation time tb (table 4.1) has a limiting 
effect on the pump volume, if this relaxation time is chosen too short. This limiting effect has not 
only been observed with highly viscous substrates, but also when pumping water. In order to 
determine relaxation times for an unrestricted pumping, three tb of 0.25 s, 0.5 s and 1 s have 
been examined in a pump experiment with a PP4 membrane and a range of reservoir pressures 
from 6 kPa to 45 kPa. As a result, the pump relaxation has been set to 1 s for all further 
experiments. Applying the smallest pump relaxation time of 0.25 s, the pump volumes were 
approximately 42% less compared to the two larger relaxation times. From the relaxation time 
0.5 s to 1 s only a slight increase of 5% has been found. A further increase is expected to be 
insignificant.  
At short relaxation times, a flow back through the inlet valve is expected to cause the reduced 
pump volumes. If during the pump cycle the outlet valve is opened and the pneumatic pressure 
is reapplied after a too short relaxation time tb, the increased pressure in the pump chamber, 
which consists of the valve pressure and the restoring force of the membrane, leads to a reverse 
flow through the inlet valve. The short relaxation time does not allow a sufficiently large volume 
flow through the outlet valve, which would reduce the membrane stress. Since both the 
relaxation force and the external pneumatic pressure act on the fluid in the pump chamber, a 
pressure on the fluid is reached that is large enough to open the inlet valve for a short time. 
Thus, a part of the fluid flows back into the reservoir.  
For instance in case of the pump relaxation time of 250 ms, a pump volume of 112 nl is yielded. 
If the same pump chamber filling volume of approximately 162 nl as at the largest pump 
relaxation time is assumed, the volume flowing back through the inlet valve is approximately 
50 nl. This can be derived from a comparison with the measured pump volumes at small 
reservoir pressures. Pump volumes of about 54 nl have already been measured at reservoir 
pressures of 5 kPa. Thus, the pressure in the pump chamber resulting from the membrane 
deflection would be higher than 5 kPa, if the enclosed volume contained in the pump chamber 
was larger than 54 nl. After applying the external pneumatic pressure on the pump chamber, 
approximately 50 nl could flow through the inlet valve and 62 nl could flow into the well until a 
remaining volume of about 50 nl in the pump chamber is reached. If the remaining fluid volume 
in the pump chamber falls below 50 nl, the additional pressure of the membrane is not large 
enough to open the inlet valve anymore and the flow through the inlet valve stops. The 
remaining 50 nl of fluid flow through the outlet valve into the well. This conclusion is an 
estimation of occurring effects. Its underlying mechanism cannot be proven with the available 
data. But for future cultivation experiments it is recommended to operate the pump chamber 
with an independent pressure supply, which provides a pneumatic pressure that is smaller than 
the valve pressure reduced by the reservoir pressure, especially if large relaxation times cannot 
be tolerated. In characterization experiments with water, the pump relaxation time of 1 s is 
obviously long enough to allow a sufficient pressure reduction in the pump chamber. But when 
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pumping highly viscous substrates, significantly higher pump chamber relaxation times are 
required. The effect of the fluid viscosity on the required relaxation times has been determined 
in further pump experiments with glycerol solutions and is discussed below.  
An insufficient filling or discharging of the pump chamber can be ruled out as a reason for the 
reduced pump volume, because the time controlled dispensing at a reservoir pressure of 20 kPa 
leads to dispensed volumes of at least 260 nl at dispensing times of 60 ms. This period of time is 
considered to be sufficiently long, in order to allow a complete filling of the inlet valve and the 
pump chamber with a total volume of 225 nl, although the pressure difference between 
reservoir and the pump chamber constantly decreases. While discharging the pump chamber, 
the relatively large pneumatic pressure increased by the membrane tension leads to an even 
higher flow rate into the well. Therefore, an insufficient discharging of the pump chamber is not 
expected.   
The pump volumes measured with the PP4 membrane and the volumes derived from the 
simulated membrane deflection correlate well in the range of reservoir pressures from 10 kPa to 
35 kPa. Here, the difference between the measurement data at tb = 1 s and the simulation data 
is less than 4.8%. Therefore, the linear material model is well suited to describe the membrane 
deflection in this pressure range, although plastic deformation can be expected to occur in a 
narrow ring at the boundary of the membrane. Especially, at elevated temperatures during 
fermentation experiments, plastic deformations of the membrane will increase due to the 
reduced yield stress. The yield stress is the stress in uniaxial tension test, at which the first 
derivative of the stress with respect to the strain becomes zero for the first time. Even at room 
temperature, the yield stress of the PP4 membrane of 41 MPa according to ISO 527 is 
substantially smaller than the largest stresses, which occur in the simulation model. The largest 
stresses, which occur during this simulation with a linear material model, are 56 MPa at a 
reservoir pressure of 20 kPa and 85 MPa at a reservoir pressure of 40 kPa. But the area of the 
membrane, where the yield stress is exceeded, is only a few ten micrometer wide in radial 
direction. The high stresses are mainly due to bending effects at the fixed support of the edge of 
the membrane. This small extent of the area, where plastic deformations are likely to occur, is 
one reason for the good correlation between the measurement and the simulation.  
In the simulation, the membrane reaches the pump chamber insert for the first time at reservoir 
pressures from 25 kPa to 30 kPa. Then the increase of pump volume with the reservoir pressure 
is slowed down by the insert, which restricts the membrane deflection. This correlates with the 
measurement data of reservoir pressures from 35 kPa to 45 kPa, at which the pump volumes are 
almost constant.  
At the highest applied reservoir pressure of 50 kPa, a strong increase of pump volumes is 
observed (only evaluated with tb = 0.25 s). Because of the high reservoir pressure, the outlet 
valve cannot withstand the increased pressure, when the inlet valve is closed. The increased 
pressure leads to an additional flow into the well. This effect is similar to the backflow through 
the inlet valve, while discharging the pump chamber at short relaxation times. A leakage of the 
outlet valves over a longer period has not been observed.  
With the PE15 membrane the measured pump volumes are slightly larger than the simulated 
ones. In contrast to the PP4 membrane, a plateau of the pump volume does not exist. The 
reason could result from the higher ductility and lower gain of elastic modulus with increasing 
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plastic strain. The yield stress of LDPE is approximately 13 MPa, while the tensile strength is 
about 12 MPa and the strain at yield stress is 11%, while the elongation at break is up to 600%. 
This leads to an increased plastic deformability as in case of the PP4 membrane. For comparison, 
the tensile strength of the PP4 membrane is approximately 80 MPa and the elongation at break 
is approximately 50%. A strong increase of pump volume at the higher reservoir pressures of 
40 kPa and 45 kPa is also observed with the PE15 membrane and is most likely caused by the 
same effect that has been discussed for the PP4 membrane.  
The volumes pumped with the PE25 membrane are about 50% to 60% of the volumes pumped 
with the PE15 membrane. The measured volumes show a continuous increase within the 
reservoir pressures from 5 kPa to 30 kPa, while from 30 kPa to 40 kPa the volumes remain 
almost constant at 115 nl. This formation of a plateau has not been observed with the thinner 
PE15 membrane. In addition, the simulation using the material properties provided by the 
manufacturer do not represent the measurement data. This implies a difference in material 
properties between the PE15 membrane and the PE25 membrane. A good correlation between 
simulation and measurement can be found with an elastic modulus of 400 MPa, which is twice 
as high as the data given by the manufacturer. A possible difference the PE15 membrane could 
be a more intense stretching during its fabrication, as this would result in a higher elastic 
modulus and in less plastic deformability.  
The PC4 membrane shows a good correlation between measurements and simulations within 
the range of reservoir pressures from 15 kPa to 40 kPa. Up to a reservoir pressure of 25 kPa, the 
pump volume increases constantly. From 25 kPa to 40 kPa, the pump volume remains almost 
constant at about 163 nl. The average difference is approximately 5.8% of the measured 
volumes. Despite the large difference of the elastic moduli of PP (EPP = 1.35 GPa) and 
PC (EPC = 2.1 GPa), the pump volumes of 160.4 nl and 164.6 nl are almost equal. Compared to the 
PE membranes, the higher elastic moduli of PP and PC lead to comparably small membrane 
deflections despite of their low thickness. Furthermore, the increase in stiffness with plastic 
strain of PP and PC is more pronounced than in PE. As a result of higher elastic moduli, the 
higher strength and the resulting lower strain, the PP4 and the PC4 membrane show distinctive 
plateaus, which contribute to a compensation of varying reservoir pressures. In the simulations, 
the membranes PP4 and PC4 reach the bottom of the pump chamber insert at reservoir 
pressures of 30 kPa to 35 kPa, respectively. These pressures correspond to the beginning of the 
almost constant pump volumes. The supporting insert reduces the freely moving part of the 
membranes and thereby increases their effective stiffness.  
The largest pump volume of the four membranes is achieved with the PE15 membrane. The 
reason therefor is the low elastic modulus of 200 MPa in combination with the moderate 
thickness of 15 µm. The product of elastic modulus and thickness, which is relevant for the strain 
under tensile loads, is the smallest of all four membranes. In contrast, this product of the PE25 
membrane is the largest of the four membranes. This a main reason for the smallest pump 
volumes of all four membranes. Additionally, its bending stiffness is comparably large because of 
the large thickness of 25 µm. Therefore, the edges of the insert cannot be filled as easily as with 
thinner membranes.  
Since the results of the simulation agree well with the measured pump volumes, the pumping 
can be regarded as a static process as far as sufficiently long relaxation times are applied. Then 
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the external pneumatic actuations have no influence on the pump volume. Moreover, the pump 
volume is only influenced by the membrane properties and the geometry of the pump chamber 
insert. A linear material model is sufficient to achieve a good agreement with the measurement 
data of the four membranes within a pressure range of 10 kPa to 35 kPa, which is the most 
relevant interval for operation in fermentation experiments. The friction between the 
membrane and the pump chamber insert has no influence on the pump volume and can 
therefore be neglected. This has been evaluated in separate simulations (friction coefficient of 
0.25 between membrane and insert, data not shown).  
In contrast to the time controlled dispensing, which is mainly affected by the channel 
resistances, the pump volumes only depend on the membrane thickness, the elastic modulus of 
the membrane and on the geometry of the pump chamber insert. The valves are only relevant, if 
they do not close properly because of too small differences between the reservoir and the valve 
pressure or because of insufficient relaxation times. To minimize the relaxation times, the pump 
chamber should be operated with a separate pressure, which is lower than the valve pressure 
reduced by the reservoir pressure. Thereby, a backflow through the inlet valve should be 
avoided, because the overpressure resulting from the membrane force and the actuation 
pressure cannot exceed the valve pressure.  
Pumping of glycerol solutions  
A wide range of fluid viscosities has been examined during the pump characterization by using 
glycerol solutions. In the pump characterization with glycerol, the pump relaxation time tb and 
the valve relaxation time tV have been varied, in order to determine, which relaxation times 
allow an unrestricted pump operation. These experiments have been carried out with the PP4 
membrane, but comparable results can be expected with the PC4 membrane, due to the similar 
membrane properties. 
Without yielding reduced pump volumes, the glycerol solutions with concentrations of 20% and 
40% (viscosities of 2 mPa s and 4 mPa s, respectively) can be pumped with the same relaxation 
times as water, which are tV = 0.25 s and tb = 1 s. Only the three largest glycerol solutions require 
increased relaxation times. The minimum relaxation times, which are determined for an 
unrestricted pump operation, are tV = 0.5 s and tb = 2 s for the 60% solution and tV = 1 s and 
tb = 4 s for the 85% solution. The viscosities of these two solutions are 12 mPa s and 110 mPa s, 
respectively. With the 99.5% solution, reduced pump volume are found even with tV = 3 s and 
tb = 24 s. From the course of the measured pump volumes, the relaxation times that allow an 
unrestricted pumping are expected to be significantly larger.  
In summary, the integrated micropumps are able to compensate the high viscosity of substrates 
and provide the same pump volumes, which have been previously determined with water. The 
only prerequisites are sufficiently long relaxation times during valve and pump actuation. These 
relaxation times are required to balance the reduced volume flow of viscous solutions, when 
filling or discharging valve and pump chambers. Especially, if the pump chamber relaxation time 
is too short, the restoring force of a pre-stressed membrane cannot decrease sufficiently by 
driving a fluid flow through the outlet valve, before the pneumatic pressure is reapplied. This 
results in a back flow through the inlet valve, as described previously.  
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In (Puskeiler et al. 2005), a glucose supply interval of 4 min was reported for a cultivation of E. 
coli, which led to almost complete oxygen depletion within the first minute after substrate 
addition and partial recovery within the following minute. In order to prevent oxygen limitations 
in the course of the experiment, even shorter supply intervals are required. As the measurement 
results show, the described integrated microfluidic pumps provide significantly shorter intervals 
of substrate supply to all wells of the microbioreactor. When applying the minimum relaxation 
times for each concentration, all wells of the microbioreactor can be supplied within 26 s and 
60 s using 60% and 85% glycerol solutions, respectively.  
In contrast, the 99.5% glycerol solution could only be pumped in reduced volumes of 
approximately 130 nl, which corresponds to 86% of the expected saturation. But even the 
applied relaxation times, which lead to no more than 130 nl, are already too long for the use in 
fermentation experiments, as they would lead to a duration of approximately one minute per 
well and a pump interval of four minutes per microfluidic device, which would correspond to the 
supply interval reported by (Puskeiler et al. 2005). Therefore, almost pure glycerol has to be 
excluded as a substrate that is suitable for microfluidic feeding, whereas 60% and 85% glycerol 
solutions are well suited and can be dosed to all four wells within an interval of about 26 s and 
60 s, respectively.  
Pumping of glucose solutions 
The pumping of a glucose solution with a concentration of 500 g l-1 was evaluated on the 
fluorescence measurement setup at a temperature of 37°C. This experiment has been carried 
out at the two reservoir pressures of 20 kPa and 40 kPa. At the elevated temperature, the 
viscosity of this solution is approximately 2.3 mPa s, which is comparable to the 20% glycerol 
solution at room temperature. Significantly higher glucose concentrations are not relevant for 
fermentation experiments, because the glucose then tends to precipitate. 
At a temperature of 37°C, the pump volumes of the PP4 and the PC4 membranes are on an 
average 11.4% and 4.5% larger than during the measurements on the test board, which were 
carried out at room temperature. The increase in pump volume resulting from the elevated 
temperature is due to the decrease of the elastic modulus and the reduced strength. Both lead 
to larger deflections of the membrane, which results in the observed larger pump volumes.  
The lower increase in pump volumes of the PC4 membrane compared to the PP4 membrane due 
to the rising temperature results from the higher heat deflection temperature of PC4. According 
to ISO 75, the heat-deflection temperature is the temperature, at which a polymer sample 
shows first plastic deformations under a constant bending load, while increasing the 
temperature. The bending load is adapted to a specific bending stress in the sample, for instance 
1.8 MPa (ISO 75, method A). The corresponding heat deflection temperatures are 35°C for PE, 
60°C for PP and 128°C for PC (Goodfellow 2011). This shows the higher resistance to plastic 
deformations of PC membranes at increased temperatures compared to the other two 
membranes.  
Remarkably, the pump volumes of the PE15 membrane are lower at the elevated temperature 
than at room temperature. A possible explanation is the lower number of pump cycles in 
combination with the lower strength. During the measurement on the fluorescence 
measurement setup, the pump chamber has only been actuated approximately 480 times, while 
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it has been actuated about 36,000 times on the test board. This also results in significantly 
smaller periods of time, during which the membrane was exposed to the reservoir pressure. The 
measurement on the fluorescence measurement setup with the PE15 membrane took 
approximately 2 h, whereas the measurement on the test board took approximately one week. 
The longer period of time available for creeping and the larger number of actuations could cause 
plastic deformations that are larger during the experiment on the test board, despite the lower 
temperature. Due to this variability, the PE15 membrane is not considered for the operation in 
the microbioreactor.  
In addition to the high resistance towards temperature variations, the PC4 membrane also 
provides the smallest dependency of pump volumes on changes in reservoir pressure. From 
20 kPa to 40 kPa, this membrane shows an average increase of 6.2%. On the contrary, the PE15 
membrane shows a difference of up to 10.7% between the two pressures and the PP4 
membrane leads to an increase of up to 11.2%. As the most stable operation is achieved with 
the PC4 membrane, it is considered as the best suited membrane for the operation of the 
microbioreactor. 
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7 Discussion 
The aim of this work was the development of a microbioreactor with an integrated microfluidic 
process control, which offers a high degree of parallelization. This aim has been achieved by 1) 
the development of a microfluidic control, 2) design of a microbioreactor configuration, 3) the 
integration of the microbioreactor into measurement and control systems and 4) the 
development of a demonstrator with an SU 8 based microfluidic device. The microbioreactors 
meet the requirements for efficient and fully controlled fermentations and they are additionally 
easy to handle and allow flexible design of experiments in process development.  
Performance of microfluidic valves 
In the first research aspect, the microfluidic valves, which are the most decisive components in 
the microfluidic device, have been designed and were realized in test chips fabricated in PDMS. 
These pneumatically actuated valves are based on a design introduced by (Hosokawa & Maeda 
2000). In contrast to other widely used valve types, these valves offer the advantage that they 
are normally closed, as long as no elevated fluid pressure is applied. This ensures that any flow 
through the channels is suppressed during the filling of wells and reservoirs.  
The time controlled dispensing of this valve type has been simulated by using a numerical 
model, which is based on the unsteady Bernoulli equation coupled with the membrane 
deflection. Existing valve simulations mainly concentrate on flap valves in diaphragm pumps 
(Bourouina et al. 1997; Voigt et al. 1998; Zengerle & Richter 1994). This model has been adapted 
to Hosokawa’s valve type and considers the dynamic effects of flow and membrane deflection. 
Therefore, it allows a detailed study of the valve actuation. The simulation results show a high 
linearity between the dispensed volume and the dispensing time. Volumes from 3.6 nl to 35.4 nl 
can typically be dispensed with dispensing times ranging from 50 ms to 500 ms. Furthermore, 
the valve resistance is small compared to the channel resistance and has a negligible influence 
on the dispensed volume. Thus, the time controlled dispensing is mainly influenced by the 
channel dimensions.  
Besides standard soft lithographic processes, the fabrication of microfluidic devices involves a 
specially developed stamping process for the bonding of the PDMS membrane to the fluid layer 
with a silicone adhesive. This allows the fabrication of a fully bonded microfluidic device, which 
in turn facilitates the operation at elevated pressure in order to drive the fluid, instead of 
applying vacuum as described by Hosokawa and Maeda. Here, membrane and fluid layer are just 
placed on top of each other. Cross sections of the microfluidic channels revealed that the 
silicone adhesive does not flow into the microfluidic channel, but forms an approximately 11 µm 
thick intermediate layer. Thereby, the effective channel height is increased by the same value.  
The valve characteristics have been evaluated with a fluorescence measurement setup, which is 
routinely used in biochemical process development. The results of the fluorescence based 
measurements show that 1) the measuring principle is qualified for the detection of small 
dispensing volumes in the desired range of 5 nl due to the small standard deviation of 1.2%, 2) 
the microbioreactor concept with a MTP and a PDMS based microfluidic device forming the 
bottom of the wells is suited for this optical measurement setup as well as the shaken operation, 
and 3) the microfluidic valves are capable of dispensing fluids in a wide range from 3.6 nl to 
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more than 35 nl with dispensing times from 50 ms to 500 ms. This range of dispensed volumes 
allows for a high precision as well as a fluid supply within a short period of time. Dispensing 
times of up to a few seconds are tolerable, because pH corrections are intended within intervals 
of 1 min to 5 min. The determined characteristics fulfill the requirement on small dispensed 
volumes of approximately 5 nl and a short dispensing interval, which have been defined in 
chapter 2.6. Additionally, the measurement results as well as the simulations show a high 
linearity between dispensed volumes and the dispensing time. But, the measurement results can 
hardly be correlated with a simulation of a certain channel cross section, because the cross 
section of a channel cannot be clearly determined, due to the high deformability of PDMS. 
However, the simulations show that the valve resistance is negligible and the dispensed volumes 
mainly depend on the channel resistance.  
pH control in MTP based microbioreactors  
The results of the valve development represent the basis for a microbioreactor with integrated 
microfluidic control. The purpose of this demonstrator is to prove the suitability of a MTP based 
microbioreactor for pH controlled fermentations. For the first time, this microbioreactor offers 
the possibility to individually supply up to sixteen wells on the base area of a standard MTP with 
two fluids. The fluids can be dosed without interrupting shaking and thus affecting the oxygen 
supply of the cultures.   
The microbioreactor is subdivided into four rows of six wells, whose bottom is covered by a 
microfluidic device. Two wells serve as reservoirs and the microfluidic device controls the 
dispensing into the other four wells. This configuration offers a high flexibility in experimental 
design, because each row can be supplied with different fluids. Furthermore, large reservoir 
volumes are available. This is important, as during fed-batch fermentations up to 50% of the 
initial volume is dosed to the individual cultures. Since reservoirs are integrated in the 
microbioreactor, external vessels and fluidic connections are not required, which supports the 
sterile handling and facilitates the preparation of experiments, as no additional equipment has 
to be cleaned or sterilized. The fluid supply at the bottom of the wells provides a steady contact 
between culture medium and the outlet of the microfluidic channels. In contrast to a fluid supply 
from the top or the side of the wells, a transfer of small fluid volumes to the culture medium is 
facilitated, as no formation of droplets occurs, which would have to be released by additional 
mechanisms. In addition, the upper side of the wells is fully available for the gas exchange 
through a permeable membrane.  
The microbioreactor VT2 has been equipped with four electrode sensors, in order to show the 
possibility for the integration of electrical measurements. Due to parasitic capacitances in the 
wiring, which connects the four sensor electrodes to the preamplifier board, the imaginary part 
of the impedance could not be evaluated. Therefore, the measurement is restricted to the 
conductance of the culture medium. Future approaches for integrating impedance spectroscopy 
in microbioreactors will require more sophisticated approaches in assembly technology.  
In characterization experiments, this microfluidic device has been proven to dispense fluids in 
the range of 5 nl to 50 nl with dispensing times from 20 ms to 100 ms to all wells. Thereby, the 
requirements on the time controlled dispensing are fulfilled, but the dispensing characteristics 
do not exhibit a clear relationship between the estimated channel resistance and the measured 
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volumes. This indicates that clamping forces lead to hardly controllable deformations of the 
PDMS layers, which in turn reduce the channel cross sections and increase the channel 
resistance.  
But, it could be shown that these variations of the channel resistances have no influence on the 
pump volumes. The pumping of fluids also compensates variations in the fluid viscosity. Using 
glycerol solutions of 40%, 60% and 80%, pump volumes of 103.0 nl, 104.2 nl and 96.9 nl have 
been measured on the test board at the IWE, respectively. Pump volumes of the same quantity 
could also be measured on the fluorescence measurement setup of the BioVT at shaken 
conditions. Therefore, pumping is also not adversely affected by shaking at a frequency of 
800 min-1. These volumes agree well with the estimated membrane deflection of 106 nl. The 
difference of pump volumes over the four wells is within a range of -3.1 nl to +3.3 nl of the 
average pump volume, which is rather small if compared with the large variations of the time 
controlled dispensing. Despite of the small average range of pump volumes over the wells, the 
standard deviations of up to 10.4% are still too large for the application in fermentation 
experiments. The compressibility of the PDMS layers is also supposed to be the reason for this 
variability.  
The functional principle of the microbioreactor was examined in a pH controlled fermentation of 
E. coli. Although large changes of the pH in the uncontrolled cultures occur, the microfluidic 
control is able to maintain the pH within a narrow band around the setpoint of 7.0. Within the 
period of sodium hydroxide dispensing, the pH in the controlled culture is on an average 6.93 
with a minimum of 6.85. During the dispensing of phosphoric acid, the pH is on an average 7.01 
with a maximum of 7.03. In contrast, the pH in the uncontrolled culture ranges between 6.46 
and 8.83. The large range of dispensable volumes in combination with the accurate pH 
measurement allows a fast and precise pH regulation even with a simple proportional controller. 
The applied dead band of ± 0.03 pH reduces an oscillating pH regulation, which would lead to an 
excessive dosing of acids and bases causing an unnecessary dilution of the culture medium. The 
intensive production of acids after a cultivation period of 4 h cannot be compensated in the 
same way as the production of base after 6:30 h, because a valve in the base fluid system is 
blocked by particles. These particles result from the formation of less soluble sodium 
bicarbonate out of sodium hydroxide and carbon dioxide. The carbon dioxide is contained in the 
pressurized air, which actuates the valves and pressurizes the reservoirs. Carbon dioxide is able 
to diffuse through the highly gas permeable PDMS into the microfluidic channels. In the valve 
region, the PDMS membrane is just 50 µm thick and has a comparably small diffusive resistance. 
To prevent this effect, air is replaced by nitrogen in further experiments when using PDMS based 
microfluidic devices. Thermoplastic materials typically have a significantly smaller coefficient of 
permeability for carbon dioxide than PDMS. At a temperature of 35°C the permeability of carbon 
dioxide, for instance, in PC is 1.1 Barrer, while the permeability of carbon dioxide in PDMS is 
approximately 3800 Barrer.  
The intense changes in pH of the examined culture are a highly demanding task for the pH 
controller. Nevertheless, the pH can be sustained within small deviations around the set point 
with a simple proportional controller, due to the precise online measurement. In order to 
compensate the changing characteristics due to contaminations, leading to slowly decreasing 
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dispensing volumes, the pH controller should be equipped with an integral component in future 
fermentation experiments.  
The results of the fermentation experiments in the demonstrator VT2 show that a high 
parallelization as well as a high degree of process control can be combined within a MTP based 
microbioreactor. The control of pH has been realized in a constant-climate room at a 
temperature of 37°C, while the microbioreactor was constantly shaken at a frequency of 
800 min-1 in shaking diameter of 3 mm. This environment represents typical application 
conditions and the microbioreactor can thus be considered as suitable for the intended field of 
use.  
System integration 
The microbioreactors VT1 and VT2 have to be connected manually with the pneumatic tubes 
leading to the external control valves. This additional handling effort increases the time required 
for setting up the fermentation experiments and is a potential source of errors, because up to 14 
tubes have to be fitted to each microfluidic device. In order to increase the acceptance of these 
microbioreactors by laboratory staff, the handling should not be significantly more complicated 
than that of standard MTPs. The most reasonable approach is to integrate a pneumatic interface 
into the measurement setup, which establishes the pneumatic connections, while mounting the 
microbioreactor on the shaker plate. Establishing of pneumatic connection simultaneously to the 
clamping also facilitates an automated handling of the microbioreactors.  
The pneumatic interface developed in this work arranges the pneumatic interconnects in arrays 
of twelve below the reservoirs. Here, they do not interfere with the optical measurements. The 
pitch of 4 mm between the individual interconnects allows to equip each row of a MTP based 
microbioreactor with fluid supply. This results in up to 96 pneumatic connections in one 
microbioreactor. This number of interconnects has not been reported for a microbioreactor so 
far and it is the prerequisite for the fluid supply to up to 32 wells.  
The pneumatic connection between the steel tubes in the shaker plate and through holes in the 
microbioreactor is established by a PDMS gasket. Suitable dimensions of the gasket have been 
identified in FEM simulations, where the gasket is at first compressed and then loaded with a 
pneumatic pressure. In dispensing experiments, the PDMS gaskets offer a gastight seal at valve 
pressures up to 200 kPa. A similar range of valve pressures has been predicted in the FEM 
simulations. This implies that the assumptions concerning the mechanical loads and the material 
properties are in good agreement with the behavior of the experimental setup.  
Although the pneumatic interface provides a reliable operation, the dispensing characteristic of 
the microfluidic valves of VT3 is impaired by deformations of the microfluidic device. The applied 
clamping forces compress the microfluidic device and cause hardly predictable dispensing 
characteristics. As FEM simulations show, the main effect of the compression is a reduced valve 
chamber height. Since in dispensing experiments a significant restriction of dispensed volumes 
was observed, a stress state with normal stresses of up to -69.5 kPa in x-, -97.2 kPa in y- and -
73.6 kPa in z direction can be assumed in the region of the valve array based on a comparison 
with the simulation results. At this stress state, the ceiling of the valve chamber touches the 
membrane for the first time and interferes with the dispensing.  
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Finally, the microbioreactor VT3 and the pneumatic interface were applied to a fermentation 
experiment under representative application conditions, which include increased temperature, 
shaking and operation in a standard laboratory environment. Under these conditions, the 
pneumatic interface operated reliably. Therefore, the interface is considered as suitable for the 
integration in fluorescence based measurement setups that are upgraded for microfluidic 
control. Despite the unpredictable valve behavior, the process control is capable of keeping the 
pH within narrow bounds around the set point. The successful process control illustrates the 
robustness of a microbioreactor concept with a combination of an online monitoring and an 
integrated microfluidic device, as they allow for short intervals of fluid supply.   
The drawbacks of the microbioreactor VT3, concerning the valve function and the sensitivity of 
the scattered light measurements, mainly result from the elastomeric properties of PDMS. The 
low elastic modulus facilitates the fabrication process significantly, but in turn leads to a large 
deformability, which interferes with the valve function. Additionally, the comparably low 
mechanical strength of PDMS makes relatively large layer thicknesses of up to 6 mm per 
microfluidic device necessary. Despite the high transparency of PDMS, the increased path length 
reduces the intensity of the scattered light signal. The pH measurement is more robust, because 
it evaluates a pH dependent time delay and does not rely on the light intensity.  
These restrictions of PDMS based microfluidic devices illustrate the need to incorporate 
materials with a higher strength and a higher elastic modulus. In microbioreactors, which are 
fabricated entirely of thermoplastic polymers or of materials with comparable properties, the 
gasket of the pneumatic interface would be the only deformable component. Consequently, the 
pretension of valves and the reduced channel cross sections could be prevented with a change 
of material.  
SU 8 based demonstrator 
During the previous research objectives, a microfluidic control, a microbioreactor concept and 
an interface to the external hardware have been developed. But, the material PDMS does not 
allow exploiting the full potential of the microbioreactor concept. Since most restrictions of 
PDMS based microfluidic devices arise from the low elastic modulus and the low strength, a 
microbioreactor with a microfluidic device made of SU 8 has been developed. This demonstrator 
VT4 uses commercially available 48 well MTPs and is able to individually supply up to 24 wells 
with two fluids for pH control and for substrate feeding, while the device is continuously shaken 
and the sterile sealing is maintained. Thus, the described microbioreactor provides the 
possibility to perform fed-batch fermentations with pH control. This demonstrator offers a 
flexibility in experimental design and process control that is not achieved by any microbioreactor 
described in literature up to now.   
Fabrication 
Since large scale fabrication techniques as injection molding are not appropriate in the 
development phase, a fabrication process more suitable for rapid prototyping had to be 
employed. Therefore, a photolithographic process has been developed based on (Patel et al. 
2008) for the fabrication of a three layer microfluidic device made of SU 8. The 
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photolithographic fabrication of SU 8 in comparably high thicknesses is a standard process and 
has been widely described in literature since (Lorenz et al. 1998).  
In contrast, the described bonding process of the SU 8 parts requires maintaining tight 
tolerances of the parameters adhesive thickness, bonding temperature, bonding pressure and 
bonding time. For instance, the adhesive thickness on the control wafer has to be within 
10.3 µm to 11.0 µm to achieve a successful bond. Lower thicknesses lead to insufficient bonds, 
while higher thicknesses severely increase the risk of blocked channels. But maintaining the 
mentioned range of adhesive thicknesses does not necessarily lead to a successful bond. The 
main reasons for the remaining process deviations originate from the hardly controllable flow of 
the adhesive during the bonding step at increased pressure and temperature. The parameters 
oven temperature, bonding pressure and bonding time are well controlled. But, the heating up 
in the oven and the remaining content of solvent in the adhesive may differ between single 
batches and are then likely to cause variations in the adhesive flow. These variations in adhesive 
behavior may lead to a defective microfluidic device in adverse conditions, but in any case, the 
varying adhesive flow causes varying channel heights between microfluidic devices and even 
within a single channel.  
For this reason, the described process is rather suitable for the fabrication of a small number of 
demonstrators than for the use in small series productions or even larger quantities. However, a 
major advantage of this process is that three layer microfluidic devices with enclosed channels 
can be fabricated without the need for complex and expensive equipment as bond aligners and 
wafer bonders. In fact, only the equipment for standard photolithography is required. This is 
mainly enabled by the alignment cylinders, which provide a fast and accurate alignment of the 
individual layers of the microfluidic device. Additionally, they highly facilitate the bonding, as 
they fixate both joining layers after the alignment and prior to the reflow of the adhesive. These 
cylinders allow for an alignment deviation of less than ± 75 µm over the quadratic area of the 
microfluidic device with an edge length of 80 mm. This deviation enables a complete overlap of 
the microfluidic channels with the contact holes.  
Identification of valve membranes 
The valve membrane has the most decisive influence on the valve operability. Therefore, fifteen 
thermoplastic and elastomeric membranes have been evaluated in four functional tests. The test 
criteria are 1) a spontaneous dispensing without preconditioning or elevating the reservoir 
pressure, 2) no observable leakage over a period of 6 h after a dispensing experiment, 3) 
resistance to alternating loads and 4) resistance to pH control media.  
The functional tests revealed that the three membranes PP4, PE15 and PC4 are qualified for 
their use in the microfluidic device. The three membranes therefore fulfill the basic 
requirements for a reliable and secure operation of the microbioreactor. These three candidates 
were then applied to characterization experiments, in order to identify the best suited valve 
membrane for the use in the microbioreactor. The characterization experiments comprise time 
controlled dispensing of water as well as in pumping of highly viscous fluids. 
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Time controlled dispensing 
In time controlled dispensing experiments, it becomes apparent that the dosed volumes at 
larger dispensing times, as for example 60 ms, do not differ significantly. At this comparably 
large dispensing time, the effect of the transient flow on the dispensed volume is negligible, 
because the duration until a stationary flow develops, can be approximated by the Bernoulli 
equation for unsteady flows to be within a few milliseconds. Thus, only the flow resistances of 
channels and valves influence the dispensed volumes. By comparing the channel resistances 
derived from experimental data with the calculated channel resistances (equation 3.6), it could 
be shown that the valve resistance is negligibly small. This is again in good agreement to the 
simulation of chapter 3.2 with adapted membrane properties and channel dimensions. 
Therefore, the material properties of the valve membranes and their thicknesses have no 
influence on the dispensed volume, if a static flow has developed. An influence of the different 
membranes can rather be expected at small dispensing times with developing flows. But the 
available experimental data do not allow an evaluation in this range, due to the measurement 
uncertainty. 
The results of the time controlled dispensing also show that the dispensed volumes decrease 
faster than inversely proportional to the channel length. This decrease is stronger than it could 
be expected from a flow in a channel with constant cross section. This can be explained by the 
fact that the adhesive thickness becomes larger towards the edges of the microfluidic device. As 
a consequence, the channel cross sections of the longer channels become increasingly reduced, 
the nearer they get to the edges of the microfluidic device, due to the increased flow of the 
adhesive. As described earlier, this is inevitable with the applied bonding process, but will be 
ruled out in large scale fabrication processes.  
The decrease of dispensed volumes from the inner to the outer wells can be easily compensated 
by adapting the channel width, in order to match the channel resistances. This has been 
demonstrated using microfluidic devices with adapted resistances, which correspond to the flow 
resistances of the channels leading to well 3 in standard microfluidic devices with all channels of 
the same cross section. The largest difference between highest and lowest flow resistance within 
one channel bundle is less than 10% at channel heights between 110 µm and 140 µm. At a 
channel height of 110 µm, the average channel resistance is 7.94·1012 Pa s m-3 and 
4.81·1012 Pa s m-3 at a channel height of 140 µm. In characterization experiments, an average 
channel resistance of 7.59·1012 Pa s m-3 was measured, which is in good agreement with the 
channel height of approximately 120 µm resulting from the described fabrication process.  
In microfluidic devices with constant channel cross sections the dispensed volumes reduce by a 
factor of 3.1 from well 2 to 4, whereas, an almost complete matching of the channel resistances 
could be achieved in the microfluidic devices with the adjusted channel width, as the deviation 
of dispensed volumes of less than 4.4% shows. In contrast to the measurements using 
microfluidic devices with all channels of the same cross section, a significant increase of flow 
resistance at the channels leading to well 4 is not observed. The reason is the channel width, 
which have been increased from 125 µm to 220 µm. Thus, the inflowing adhesive is distributed 
over a larger area, which results in a comparably small reduction of the channel cross section. 
This compensates an increased adhesive flow at the outer regions of the microfluidic device. The 
matching of the channel resistances allows the control of fluid supply to all wells with identical 
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parameters and additionally increases the robustness against restricted fluid flow or even 
blocked channels at the outer wells.  
In the final experiment of time controlled dispensing, the influence of the dispensing interval on 
the magnitude of dispensed volumes is evaluated. The experiments have been carried out with 
dispensing intervals ranging from 7.5 s to 120 s. Within this interval, the dispensed volumes 
show an average decrease of 15.6% in the four wells. Based on the experimental data, the 
reduction is significant but sufficiently low in order to be easily compensated by an active pH 
controller. The reason for this effect cannot be determined with this experimental design, but a 
possible effect might be an adhesion between the membrane and the valve seat that could 
depend on the time of contact.  
Pumping 
Since the time controlled dispensing is very sensitive to variations of channel resistances or 
variations of viscosity, microfluidic pumps have been integrated into the microfluidic devices, in 
order to meter discrete amounts of fluid. The ability of the integrated pumps to compensate 
varying fluid viscosities and varying channel resistances has been evaluated. During the first test 
series, the microbioreactor was repeatedly mounted and dismounted, in order to take alignment 
inaccuracies into account. On an average, a pump volume of 150.6 nl with a standard deviation 
of less than 4.2% was dispensed to the wells. The differences between the largest and the 
smallest pump volume within the wells of one microfluidic device are between 3.8 nl and 8.2 nl. 
This set of experiments demonstrates that a high reproducibility of pumping is given over the 
course of several experiments involving the repeated mounting. Additionally, a low variability of 
pump volumes over the wells of one microfluidic device of approximately 4.0% of the average 
pump volume is provided. The high level of reproducibility could only be achieved by using valve 
and pump chamber inserts that restrict the deflection of the valve membrane. In separate 
experiments without inserts, pump volumes differed by a factor up to 2 within one microfluidic 
device (data not shown). Furthermore, the evaluated pump volumes and the level of accuracy 
comply with the requirements on a microbioreactor defined in chapter 2.6. 
Since the pumping has been proven to be a highly repeatable process, the purpose of the 
following set of experiments was to determine the influence of the membrane types on the 
pump volume. These experiments were carried out at reservoir pressures from 5 kPa to 45 kPa. 
Here, the reservoir pressure has a significant influence on the pump volume. At low reservoir 
pressures, the pump volume typically shows a strong increase, while the slope decreases 
continuously with a further increasing reservoir pressure. In case of the PC4 membrane, the 
slope is almost zero at reservoir pressures from 25 kPa to 40 kPa. The PP4 membrane leads to an 
almost constant pump volume in the range of reservoir pressures from 30 kPa to 45 kPa. The 
PE15 membrane shows the largest increase in pump volume within this pressure range of more 
than 12%. The extent of the plateau formation or at least the reduced slope mainly results from 
the elastic modulus and the thickness of the membrane. An additional influence on the 
membrane stiffness could be the plastic strain at the border of the membrane, although this 
could not be determined based on the described experiments. If the reservoir pressure is 
increased further above 40 kPa or 45 kPa, while the valve pressure remains constant at 60 kPa, 
an increase of pump volume is found. The increase in pump volume results from beginning 
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leakages, if the difference between the valve pressure and the reservoir pressure falls below 
10 kPa to 15 kPa for a short time during the closing of the inlet valve.  
The membrane deflection and the resulting volume displacement between the valve layer and 
the pump chamber insert have been evaluated in FEM simulations. The simulation results agree 
well with the results of the pumping experiments within the relevant reservoir pressure range 
from 10 kPa to 40 kPa. Assuming that the membrane deflection is responsible for the pump 
volume, a static FEM model consisting of shell elements and a linear material model predicts the 
pump volumes of the PP4, PE15 and the PC4 membrane with averaged absolute error of less 
than 5.3%, 8.5% and 8.3%, respectively.  
As a consequence, the pumping can be considered as a time-independent process, as long as 
sufficiently large relaxation times for valves and pump chambers are provided. The FEM 
simulations also revealed that friction between the brass insert and the membrane does not 
influence the pump volume with the three membranes, due to the small relative movement. The 
remaining differences between the simulation results and the measurement data, which occur 
mainly at low reservoir pressures, may arise from plastic deformations and non-ideal fixation of 
the membrane. But, the areas, where the membrane stress would lead to significant plastic 
deformations, are located in a narrow band at the outer membrane edge. Since this region is 
only a few ten micrometer wide in radial direction, the resulting plastic strain is expected to 
have a small influence on the deformations in the relevant range of reservoir pressures from 
15 kPa to 30 kPa.  
As stated before, the pumping cannot be considered as a sequence of independent membrane 
actuations, if the pump chamber relaxation time is insufficient, because of dynamic effects, 
which influence the pump volume. If the pump chamber is completely filled and the time 
between the opening of the outlet valve and the pressurizing of the pump chamber is too small, 
the membrane pretension cannot be reduced sufficiently by the fluid flow through the outlet 
valve. Then, the pneumatic pressure on the pump chamber is added to the remaining membrane 
pretension and the resulting pressure inside the pump chamber can become high enough to 
open even the pressurized inlet valve. Thus, fluid is able to flow back in the direction of the 
reservoir and a reduced pump volume is obtained. This effect becomes apparent when pumping 
water at pump chamber relaxation times of 250 ms or less. Up to a reservoir pressure of 15 kPa, 
the pump chamber pressure, resulting from the restoring force of membrane tension and the 
external pneumatic pressure, is not high enough to cause a significant backflow through the inlet 
valve. Thus, the pump volumes do not differ significantly from those measured at a pump 
relaxation time of 1 s. From a reservoir pressure of 20 kPa upward, the resulting pressure in the 
pump chamber becomes high enough to open the inlet valve, which in turn leads to the lower 
pump volumes, when using pump chamber relaxation times in the range of 250 ms.  
During the pump experiments, an increase in pump volume has been observed, if the reservoir 
pressure is constantly increased and the difference between the valve pressure and the reservoir 
pressure falls below approximately 15 kPa. This increase is due to the actuation of the inlet 
valve, which elevates the fluid pressure and temporarily opens the outlet valve. This leakage is 
independent of the valve relaxation time, since the membranes of the inlet valve and the pump 
chamber are fully deflected by the reservoir pressure.  
182 7 Discussion 
 
As a consequence, in automated fermentation systems measures have to be taken in order to 
prevent undefined pumping modes and thereby increase the robustness. The first measure is to 
set the valve pressure to at least 15 kPa higher than the reservoir pressure in order to prevent 
leakages at the outlet valve. The second measure is to adapt the pump relaxation time to the 
viscosity of the fluid in order to prevent a backflow through the inlet valve. As a third measure, 
the pump chamber could be operated with a separate pneumatic pressure, which is smaller than 
the difference between the valve pressure and the reservoir pressure. Thereby, the fluid 
pressure in the pump chamber, which is generally not larger than the pressure resulting from 
the restoring force of the membrane in addition to the pneumatic pressure, cannot open the 
neighboring inlet valve. Using this third measure, the pump chamber relaxation time can 
potentially be reduced to the time needed for the complete filling of the pump chamber.  
The pumping of glycerol solutions allowed evaluating the integrated pump within a wide range 
of viscosities. From water to almost pure glycerol, viscosities from 1 mPa s to 1281 mPa s are 
covered. From the 60% glycerol over the 85% glycerol solution to the 99.5% glycerol solution, 
the viscosity increases approximately by a factor of ten each time. Even with the 85% glycerol 
solution, which is the highest concentration relevant for fermentation experiments, a viscosity of 
110 mPa s is reached. Typically, application relevant glucose solutions with a concentration not 
exceeding 500 g l-1 have viscosities of 3 mPa s or less at room temperature. Despite the large 
differences in viscosities, the integrated pump is able to dispense fluids from pure water to the 
85% glycerol solution with small variations of less than ± 3.0% of the average pump volume over 
the wells within one microfluidic device, which is in the same range as the standard deviations of 
2.6% to 4.2% of the repetitions.  
The average pump volume measured with the 20% to 85% glycerol solutions is 151.7 nl, which 
agrees well with the average pump volume of the initial experiments with water that evaluated 
the reproducibility of mounting and dismounting. This clearly shows the compensating effect of 
the inserts for the pump chamber and the valves. The 99.5% glycerol solution results in a 
significantly smaller pump volume of in average 129.8 nl.  
At elevated temperatures, the membranes PP4 and PC4 provide increased pump volumes due to 
reduced elastic moduli and presumably also due to a reduced strength, which allows for larger 
plastic deformations. Both lead to larger membrane deflections and thus to larger volumes. 
Since the heat-deflection temperature of PC of 128°C (according to ISO75, 1.8 MPa) is 
significantly larger than those of PE (35°C) and PP (60°C), the PC4 membrane shows the smallest 
deviations of pump volumes at the two different temperatures. The shift in pump volumes of 
the PC4 membrane is in average 4.5% with the temperature rising from 21°C to 37°C. For 
comparison, the average increase of the PP4 membrane of 11.5% is significantly higher.  
The effect of the temperature on pump volumes with the PE15 membrane cannot be clearly 
determined from the available data, as this membrane already shows a high variability in pump 
volumes due to pressure changes. The large effect of pressure changes on the pump volumes 
makes the PE15 membrane less suited for its application in a microbioreactor than the other two 
membranes.  
Since all three membranes PE15, PP4 and PC4 offer comparable characteristics in time 
controlled dispensing, the best suited membrane for use in the microbioreactor has to be 
chosen based on the results of the pump experiments. Especially, in variations of pressure and 
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temperature, the PC4 membrane shows the smallest deviations in pump volume. Thus, the PC4 
membrane can be expected to provide the highest accuracy in fermentation experiments in 
combination with the microbioreactor VT4. 
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8 Conclusion 
8.1 Summary 
The development of a flexible MTP based microbioreactor with a high degree of parallelization 
has been accomplished in four sections. During the first section, microfluidic valves based on the 
design of Hosokawa and Maeda for microfluidic control have been developed and characterized. 
So far only the flow rates of this valve type have been determined. The time controlled 
dispensing, which is relevant for the purpose of bioprocess control in micro-scale, has been 
analyzed in numeric simulations as well as in fluorescence based measurements. The dispensed 
volume develops linearly with the dispensing time. At dispensing times of 50 ms and below, the 
microvalves are able to dispense volumes smaller than the required lower bound of 5 nl. The 
volume flow in the microfluidic device VT1 is approximately 70.9 nl s-1 at a reservoir pressure of 
50 kPa. Thereby, the basic requirements on the microfluidic device for the purpose of pH control 
are fulfilled.  
The following development concentrated on the design of a microbioreactor concept, which is 
based on the dimensions of standard 48 well MTPs and provides fluid supply to up to sixteen 
wells. The microfluidic control is carried with the previously developed valves. Up to four 
microfluidic devices can be clamped to one microbioreactor, and one microfluidic device is able 
to individually supply four wells from two reservoirs. This concept allows a high flexibility in 
experimental design. The microbioreactor has been successfully applied to pH controlled 
fermentations of E. coli in TB medium. By dispensing sodium hydroxide and phosphoric acid, the 
pH in controlled cultures could be maintained between 6.85 and 7.03, while the pH in 
uncontrolled cultures varied between 6.46 and 8.83. Thus, the microbioreactor has proven its 
capability of controlling the pH within narrow tolerances. This has been provided by the high 
resolution of the online measurements in combination with the wide range of dispensable 
volumes. Moreover, the suitability of the microbioreactor concept has been proven in an 
application oriented environment, including elevated temperature, shaking and handling under 
standard laboratory instead of cleanroom conditions.  
The handling of the microbioreactor has been kept comparable to that of standard MTPs by the 
integration of a pneumatic interface. The pneumatic interface is designed to simultaneously 
establish up to 96 pneumatic connections, while clamping the microbioreactor to the shaker 
plate. In characterization experiments, pneumatic pressures of more than 200 kPa have been 
applied without observable leakages. Furthermore, the functional capability of the 
microbioreactor concept was successfully proven in pH controlled fermentations of E. coli under 
shaken conditions. Consequently, it could be shown that the interface offers a reliable pressure 
transfer and can be integrated in existing online monitoring systems. The interface significantly 
reduces the manual effort for establishing the pneumatic connections and avoids the error-
prone manual connection of the pneumatic lines, because the interface offers an explicit 
assignment between the valves and the external hardware. This is the first interface described 
so far, which provides up to 96 temporary connections between a microbioreactor and external 
control hardware.  
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In order to prevent the restrictions related to the PDMS based microfluidic devices, a flexible 
microbioreactor system on the basis of standard MTPs (see table 2.2) has been realized with the 
VT4 demonstrator. The division in independent microfluidic devices allows a level of flexibility in 
design of experiments, which has not been reported so far. The 24 wells in VT4 can be easily 
extended to 32 wells per MTP using the same microfluidic layout in a large scale production. In 
contrast to established techniques of fluid supply, as for example automated pipetting systems, 
the wells remain covered by a gas permeable membrane and do not have to be accessed from 
the outside during the course of the experiment, which ensures a sterile fermentation 
environment. The microfluidic valves provide a dispensing in a wide range of volumes from 5 nl 
to 200 nl with valve opening times from approximately 15 ms to 100 ms. This allows short cycle 
times in pH control. In particular, the time controlled dispensing can be carried out in shorter 
intervals than the optical measurements. Therefore, the control of pH in the cultures is not 
restricted by the fluid dispensing.  
The SU 8 based microfluidic devices provide integrated pumps, which allow a highly reproducible 
fluid supply. The average pump volume is approximately 151 nl with standard deviation of less 
than 4.2% of the average pump volume. Even the difference between the largest and smallest 
pump volume within one microfluidic device is typically less than 4.0%. Furthermore, the 
integrated pumps are able to compensate the large differences in fluid viscosities from pure 
water to 85% glycerol solutions with viscosities from approximately 1 mPa s to 109 mPa s, 
respectively.  
The segmentation of the microbioreactor in independent microfluidic devices enables a parallel 
dispensing of fluids. Thereby, all wells in a microbioreactor can be supplied with a 60% or an 85% 
glycerol solution in intervals of 26 s or 60 s, respectively. Thus, VT4 enables significantly shorter 
dispensing intervals than those reported in literature. For instance in (Puskeiler et al. 2005), an 
automated pipetting system dispensed substrate in intervals of 4 min to E. coli cultures in a 
miniaturized fermentation system. This dispensing interval has already led to a distinct change of 
oxygen depletion and recovery. Thus, shorter intervals of fluid supply can be expected to allow 
for a more constant oxygen concentration in the course of the fermentation experiment. The 
degree of parallelization combined with a controllable and reproducible fluid supply as shown in 
VT4 has not been achieved in microfermentation systems so far. 
The demonstrator VT4 provides the prerequisites for pH controlled and fed-batch fermentations 
in a MTP based microbioreactor with an integrated microfluidic control for the first time. The 
described demonstrator reaches a degree of parallelization, which is comparable to standard 
microtiter plates. Moreover, the precise and flexible fluid supply can be combined with the data 
of optical online monitoring, in order to enable an active control of fermentation processes. 
Therefore, the demonstrator VT4 is the ideal basis for the development of fermentations in 
micro-scale.   
8.2 Outlook 
The described microbioreactors have been fabricated using comparably labor intensive 
fabrication techniques. However, the transfer to large scale fabrication processes is essential for 
the use as a standard analytical tool in process development. The realization of microfluidic 
devices with active valves and pumps in thermoplastic polymers has been studied extensively. 
8.2 Outlook 187 
 
 
But, valves and pumps that offer high precision at dispensing volumes down to several 
nanoliters, low actuation forces and resistance to particle contaminations are still not provided. 
The development of these microfluidic components should focus on materials such as 
polystyrene, which are considered as biocompatible with respect to cultivations of 
microorganisms.  
The integration of electrical measurement techniques in a microbioreactor with microfluidic 
control has been shown in principle. But, the presented design limits the number of wells in a 
microbioreactor to four. Larger well numbers can only be attained with temporary contacts at 
the bottom the microbioreactor. In order to take advantage of the additional information of 
electrical measurements, a fast and simple assembly technology as well as a method for 
establishing temporary contacts, compatible with shaking, have to be developed.  
The described microbioreactors cover batch and fed-batch operation modes. Continuously run 
processes cannot be realized in these microbioreactors as they lack a third channel system, 
which extracts the culture medium. This additional microfluidic system has to provide a high 
precision, in order to enable a controlled mass flow balance. The employed microfluidic pumps 
have to be self priming and should offer high survival rates for microorganisms. Furthermore, a 
fluidic interface to external analysis systems would allow a more detailed analysis of metabolism 
and product formation. However, the most decisive aspect of continuous fermentation 
processes deals with the handling of culture medium, which is characterized by high 
concentrations of cells. The cells may tend to formation of clusters that are able to block 
microfluidic channels. In addition, microorganisms can adhere to the channel surface and form 
films with growing thickness, which then restrict or completely block the fluid flow. As a 
consequence, the adhesion of microorganisms on the surfaces of the microfluidic channels and 
the intrusion of clusters of microorganisms must be prevented. This requires sophisticated 
strategies in fluid handling and surface modification.  
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Glossary 
Symbols d Damping coefficient  Density  Dynamic viscosity 
 a Specific interface area  Area 
  Circumference CL Oxygen concentration in liquid phase CO2*  Oxygen concentration in gas phase 
  Hydraulic diameter 
 y Fluorescence signal 
 2 Gravitational acceleration 
 a Channel height 
 c Concentration of fluorescein cD, c- Spring rates at pistons 1 and 2 cD- Coupling stiffness cE Mass transfer coefficient cE£ Volumetric mass transfer coefficient 
 5 Channel length 5³- Solubility of oxygen in liquid phase 
 e Mass; slope of a linear function  ; Time step number 
 ¤  Oxygen transfer rate 
 7 Pressure 70jV Dynamic pressure 7Cf+ External pressure applied on valve membrane 7´  Partial pressure of oxygen in gas phase 7UV Pressure at channel inlet 7`@+ Pressure at channel outlet 
190 Glossary 
 7BC/ Reservoir pressure 7/+A+  Static pressure 
 Δ7# , Δ7#,/?@ABC , Δ7#,BCL+.  Pressure loss over a channel (with square or rectangular cross 
section)  
 R Volume flow 
 +`+  Total resistance (   Channel resistance  Reynolds number  Valve resistance 
 < Coordinate in channel direction 
 = Time Δ= Time step interval =0`/ Dispensing time 
 [D, [-, [\ Deflection of piston 1 and 2, average piston deflection 
  Velocity \ Velocity averaged over cross section 0`/ Dispensed volume  Pump volume 
 b Channel width 
 zG to zH Coefficients of a polynomial of fourth degree 
 
Abbreviations 
Al2O3 Aluminum oxide 
BioVT Institute of Biochemical Engineering, RWTH Aachen University 
CO2 Carbon dioxide 
COC Cyclo olefin copolymer 
DCW Dry cell weight 
DI water Deionized water 
DLR Dual lifetime referencing 
DO Dissolved oxygen concentration 
H3PO4 Phosphoric acid 
KAl(OH)4 Potassium tetrahydroxoaluminate 
K2HPO4 Dipotassium phosphate 
KH2PO4 Monopotassium phosphate 
KOH Potassium hydroxide 
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LB Lysogeny broth 
LDPE Low density polyethylene 
MEMS Microelectromechanical systems 
NADH Nicotinamide adenine dinucleotide hydride 
NaHCO3 Sodium bicarbonate 
NaOH Sodium hydroxide 
NH3  Ammonia 
OD Optical density 
OTR Oxygen transfer rate 
PC Polycarbonate  
PDMS Polydimethylsiloxane 
PEEK  Polyether ether ketone 
PET Polyethylene terephthalate 
PI  Polyimide 
PI controller Proportional–integral controller 
PMMA Polymethylmethacrylate 
PS Polystyrene 
PP Polypropylene 
SU 8 Negative tone photoresist, Microchem 
TB Terrific broth medium 
TPU Thermoplastic polyurethane 
YFP  Yellow fluorescent protein 
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